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ABSTRACT

FULL-SCALE LATERAL LOAD TEST OF A 3x5 PILE
GROUP IN SAND

J. Matthew Walsh
Department of Civil and Environmental Engineering
Master of Science

Although it is well established that spacing of piles within a pile group
influences the lateral load resistance of that group, additional research is needed to
better understand trends for large pile groups (greater than three rows) and for groups
in sand. A 15-pile group in a 3x5 configuration situated in sand was laterally loaded
and data were collected to derive p-multipliers. A single pile separate from the 15-pile
group was loaded for comparison. Results were compared to those of a similar test in
clays.
The load resisted by the single pile was greater than the average load resisted
by each pile in the pile group. While the loads resisted by the first row of piles (i.e.
the only row deflected away from all other rows of piles) were approximately equal to
that resisted by the single pile, following rows resisted increasingly less load up

through the fourth row. The fifth row consistently resisted more than the fourth row.
The pile group in sand resisted much higher loads than did the pile group in clay.
Maximum bending moments appeared largest in first row piles. For all
deflection levels, first row moments seemed slightly smaller than those measured in
the single pile. Maximum bending moments for the second through fifth rows
appeared consistently lower than those of the first row at the same deflection. First
row moments achieved in the group in sand appeared larger than those achieved in the
group in clay at the same deflections, while bending moments normalized by
associated loads appeared nearly equal regardless of soil type. Group effects became
more influential at higher deflections, manifest by lower stiffness per pile.
The single pile test was modeled using LPILE Plus, version 4.0. Soil
parameters in LPILE were adjusted until a good match between measured and
computed responses was obtained. This refined soil profile was then used to model
the 15-pile group in GROUP, version 4.0. User-defined p-multipliers were selected to
match GROUP calculated results with actual measured results. For the first loading
cycle, p-multipliers were found to be 1.0, 0.5, 0.35, 0.3, and 0.4 for the first through
fifth rows, respectively. For the tenth loading, p-multipliers were found to be 1.0, 0.6,
0.4, 0.37, and 0.4 for the first through fifth rows, respectively. Design curves
suggested by Rollins et al. (2005) appear appropriate for Rows 1 and 2 while curves
specified by AASHTO (2000) appear appropriate for subsequent rows.
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CHAPTER 1 - INTRODUCTION
1.1 BACKGROUND
Occasionally the native soil of a building site does not provide adequate
bearing strength for a desired structure. In such cases, it may be necessary to construct
a pile group foundation that would bear upon a stronger deep soil layers. By placing
the tips of such a pile group in strong soil, the building’s foundation is better able to
support the gravity forces of the structure. However, in addition to vertical forces, a
pile group must also resist lateral loads that would result from earthquakes, wind,
liquefaction, slope failure, or similar events.
When a pile group is subjected to lateral load, portions of that load are
transferred into each individual pile causing each pile to be pushed against the soil
directly behind it, resulting in a shear zone within the soil. As load increase, the size
of each shear zone increases. Additionally, as distances between piles decrease, these
shear zones are more likely to overlap. This overlapping results in less lateral
resistance per pile. Overlapping can occur between two piles in the same row (called
“edge effects”) or between piles on adjacent rows that are directly in line with each
other relative to the load source (called “shadowing effects”). Consequently, the
leading row (or first row) piles tend to resist the most of any row in a pile group since
they experience only “edge effects.” Their resistance per pile is less than that of a
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single pile in the same loading conditions. Trailing rows (Rows 2 and higher) resist
still less load per pile due to increased “shadowing effects” as well as the same “edge
effects” experienced by the first or “leading” row (Row 1). Figure 1.1 illustrates the
various shear zone overlapping that can occur within a laterally loaded pile group.

Row 3

Row 2

Row 1

Pile

Pile

Pile

Pile

Pile

Pile

Pile

Pile

Pile

Load

Shadowing Effects
Edge Effects
Gaps Behind Pile

Figure 1.1 Illustration of shadow and edge effects resulting from a lateral load.

An important relationship for defining the development of lateral resistance on
a pile due to the surrounding soil is known as the p-y curve. The lateral deflection a
pile experiences under a load is represented by y while the lateral load resistance of the
soil per length of the pile is represented by p. The relationship between p and y can be
used in a Winkler beam/spring foundation to model the response of a pile to a
specified lateral load. Along the length of the “beam,” soil resistance is characterized
discretely as springs whose non-linear stiffness are defined by p-y curves. A finite
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difference approach can be used to iteratively determine the lateral deflection of a pile
given an applied lateral load. It can be used similarly in the reverse direction: an
applied load can be calculated given the lateral deflection of the pile head.
While the finite difference model described above works reasonably well for
single piles free of shear zone overlapping, modeling the lateral response of a pile
group is more difficult. One method commonly used among designers is that of pmultipliers. P-multipliers are defined as the ratio of soil resistance on a pile in a group

Horizontal Resistance/Length, p

relative to that for a single pile in the same soil. Figure 1.2 illustrates the concept of

Single Pile

PSP

Group Pile
PGP =PMULTPSP

Horizontal Displacement, y

Figure 1.2 Comparison of p-y curves between a single pile and an average pile in
a group (Snyder, 2004).
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p-multipliers. These p-multipliers are a function of pile-to-pile spacing. As pile
proximity increases, p-multipliers should decrease because shear zone overlapping is
increased. P-multipliers are also soil dependent; consequently, they must be obtained
empirically for a variety of soil types.
While full-scale pile tests in clay indicate that currently used p-multipliers for
clay are typically conservative (Rollins, 2003a; 2003b), there is relatively little fullscale test data available for the calculation of p-multipliers in sands. The few results
that are available indicate that many designers may be using p-multipliers which are
unnecessarily conservative. AASHTO (2000) requirements appear overly
conservative, while pile group computer models, such as GROUP (Reese and Wang,
1996), currently seem unconservative, thus the factor of safety for structures computed
with this approach may be less than desired (see Figure 2.2). As a result, some
engineers may “overdesign” pile groups to compensate for uncertainties in their pmultipliers. Still worse results would stem from designers not realizing computer
models tend on the under-conservative side, the outcome of which is underdesigned
projects.
Additionally, most data currently available was obtained for groups
comprising three or fewer rows, yet many foundations require numerous rows of piles
to support applied loads. Additional testing is therefore necessary to facilitate more
precise and economical pile-group design. This study is intended to arrive at more
precise p-multipliers for pile-groups in sand as a function of pile spacing and to
evaluate the effect of group interaction on a pile group with more than three rows.

4

1.2 RESEARCH OBJECTIVES
The research objectives for this study are as follows:
1. Determine the relationship between pile proximity and p-multipliers for
sandy soils.
2. Assess the validity of the p-multiplier approach for a 5-row pile group in
sands.
3. Determine appropriate p-multipliers for rows four and five in sands.
4. Determine how slow cyclic loads affect p-multipliers in sands.
5. Collect data useful for refining computer pile group models.
6. Compare results for sand collected in this study to those collected for clay
by Snyder (2004).

1.3 PROJECT SCOPE
This study is part of an on-going analysis of pile groups subjected to lateral
loads with varying conditions. The first test occurred in 1996 and involved static and
dynamic loading of a nine pile group with center-to-center spacing of 2.8 pile
diameters. In 2002, two additional tests were performed that studied the lateral
response of pile groups in soft clays and silts at different center-to-center spacings.
The first test was conducted on a 9-pile group with 5.65 pile diameter center-to-center
spacing. Results from this study are available from Johnson (2003). The second test
involved a 15-pile group with center-to-center spacing of 3.92 pile diameters. A site
map showing the relative location of the pile groups is shown in Figure 3.2. Test
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results and analysis for this study were reported by Snyder (2004). Both of the groups
tested in 2002 were comprised of closed-ended steel pipe piles with outside diameters
of 324 mm (12.75 in). Both tests indicate that p-multipliers currently in use are overly
conservative.
In the summer of 2004, the upper clay layers surrounding both of these groups
(i.e. the 5.65D nine pile group, and the 3.92D 15-pile group) were removed and
replaced with washed concrete sand. Both groups were then slowly loaded laterally
while data was collected. Analysis of the 15-pile group is the focus of this study.
Because the same pile group tested for this study was tested previously by Snyder
(2004), comparison of the test results should provide insights regarding group effects
in sand versus clay.
Loading for this study was slow and cyclic. The pile group was loaded using
hydraulic jacks until the piles reached a given target deflection. The load was then
released and reapplied until the same deflection was reached. This was repeated nine
times for each target deflection (or push), resulting in a total of ten cycles for each.
Target deflections ranged from 6 mm (0.25 in) up to 89 mm (3.5 in). As a test control,
a single pile located approximately 2 meters west of the 15-pile group was similarly
loaded.
All these tests were performed at a site approximately 300 meters north of the
control tower at the Salt Lake City International Airport. In-situ density of the washed
concrete sand was determined using a nuclear density gauge during the backfill
process. Testing to determine soil index properties were conducted at the Brigham
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Young University soil lab. This data was combined with previous site investigations
to arrive at the soil profile used in computer modeling.
Following testing, the data was reduced and subsequently analyzed. Plots of
load versus deflection, and bending moments versus depth for each row were
generated for comparison purposes. LPILE Plus version 4.0 (Reese, et al., 2000) was
used to model the single pile test. Soil properties in LPILE were refined until
computed results matched measured results. Once a satisfactory match was achieved,
the same soil profile was input into GROUP version 4.0 (Reese and Wang, 1996)
which was then used to back-calculate p-multipliers that matched measured 15-pile
group results.

7
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CHAPTER 2 - LITERATURE REVIEW
2.1 INTRODUCTION
Research regarding the response of laterally loaded pile groups generally falls
into three categories, namely full-scale testing, small-scale testing, and numerical
modeling. While numerical modeling is the least expensive approach to pile group
analysis, it is widely accepted that empirical results are required to correctly assess
pile group behavior. Consequently, numerical modeling will not be discussed in this
literature review. While full-scale testing seems to provide the most accurate
information, relatively little full-scale research has been conducted due to the high
costs associated with this type of testing. Far more common is small-scale testing
which can be grouped into model testing and centrifuge testing. This chapter will
discuss research conducted using full and small-scale (specifically centrifuge
modeling) methods.

2.2 FULL-SCALE AND CENTRIFUGE TESTS
Feagin (1937) was one of the first researchers to investigate the response of a
pile group to lateral loads. He concluded from tests on pile groups in sand that for
groups deflected less than 6 mm (0.25 in), group effects were negligible or non-
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existent, but that group effects were significant at greater deflections. He also
observed that increasing the number of piles in a group resulted in an increased loss of
average soil resistance per pile. Additional notable research was conducted by Barton
(1984) who performed centrifuge tests in fine sands and discovered that the elastic
theory (then common in design methods) underpredicted pile group interactions. He
also noted that empirical factors (arrived at for relatively small groups) could be
superimposed to predict interactions experienced by large pile groups. Meimon et al.
(1986) confirmed Feagin’s results of 1937 that greater deflections resulted in increased
interactions and added that group interaction led to greater resistance for leading row
piles than for trailing row piles at the same deflection level. Higher moments also
developed in the rows where loads were higher. Meimon et al. also observed that
these higher loads were experienced prominently by the first row.
Brown et al. (1987), after testing in clays, also found that lateral load resistance
was a function of row position in the group with the front or lead row carrying the
greatest load with trailing rows carry successively smaller proportions of the load.
They also found that depths to maximum moments developed in the piles increased in
trailing rows. They also agreed with Barton (1984), concluding that elasticity-based
models are inaccurate in predicting pile group behavior. The next year, Brown et al.
(1988) revolutionized pile group design methods by proposing p-multipliers. These
values would be obtained empirically and would scale single pile p-y curves to
account for interactions in pile groups. Additionally, each row in a pile group would
have its own p-multiplier, as interactions appeared constant across rows. Brown et al.
proposed these scaling factors following research conducted on the same pile group as
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reported on in 1987 which had been excavated and backfilled with sand. In the 1988
paper, they defined shadowing effects and observed that interactions were more
significant in sand than in clay. They also reported that cyclic loading had little effect
on interactions due to densification that occurs with repeated loading. Lastly, they
proposed p-multipliers they had calculated for a three pile group spaced at three pile
diameters (3D). These p-multipliers are listed together with a research summary for
full-scale tests in Table 2.1.
Figure 2.1 shows load-deflection curves from the same study. This figure
illustrates that first row loads are similar to single pile loads at the same deflections. It
also shows that subsequent rows resist increasingly less load at similar deflections.
Over the next few years, considerable progress was made in centrifuge testing
which is essentially scale-model testing subjected to increased axial accelerations to
simulate the higher stresses developed under prototype conditions. Without these
additional accelerations, results for small-scale testing would be less accurate since
soil performance is highly dependent on stress levels. Kotthaus et al. (1994)
performed centrifuge tests on pile groups in sand, varying spacing from three to four
diameters. Kotthaus et al. reported findings in terms of group efficiency which is a
ratio of the average load carried by a row to that carried by a single pile in similar
conditions. Kotthaus et al. observed that efficiency for the first row approached unity
while the second and third rows (at lateral deflections greater than 10 percent of the
pile diameter) stabilized around 0.65.
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Figure 2.1 Plots of pilehead load vs. deflection for single pile and for group by
row position (Brown et al., 1988).
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Simultaneous with, yet independent of Kotthaus et al., McVay et al. (1994)
performed centrifuge tests to examine the influence that soil density has on group
effects. McVay et al. concluded that denser soils resulted in higher overall loads
carried by the group and higher first row resistance, but lower resistance for the
second and third rows. They also observed that increased spacing resulted in more
resistance per row and a more even distribution of resistance among rows. In a
subsequent study (1995), McVay et al. noted that group efficiency was much more
influenced by group geometry than by soil density, while simultaneously reporting
that p-multipliers, on the other hand, did vary to a minor degree with soil density.
Later, McVay et al. (1998) reported that p-multipliers were, for practical purposes,
independent of soil density. They also proposed a general trend for p-multipliers
outlined in Table 2.3. Centrifuge research pertinent to this study is summarized in
Table 2.2.
In 1997 Ruesta and Townsend conducted full-scale tests on two pile groups,
one with a fixed head condition and one without. Back-calculated p-multipliers
(reported in Table 2.2) indicate subsequent rows resisted increasingly lower loads.
They also observed that center piles experienced greater interactions than did outside
piles. Additional full-scale research (Huang et al., 2001) examined how installation
techniques influence group effects, concluding that the process of pile driving
densifies a soil profile while bored pile installation methods soften it. This same study
indicated driven pile p-multipliers were generally lower than bored pile p-multipliers.
Rollins et al. (2003a) provided further full-scale test results and conclusions.
They observed, contrary to the elastic theory, that load carried within a row appeared
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Table 2.1 Summary of full-scale research pertinent to this study.
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Researcher(s)

Year

Soil

Pile Type

Spacing

Feagin

1937

Mississippi river
sand

Wood and concrete
Pile cap
Numerous
configurations

3D

Meimon et al.

1986

Clay (Some sand)

Steel I-Beam
3x2 configuration

3D

Brown et al.

1987

Stiff Clay

Closed-ended steel
3x3 configuration

Brown et al.

1988

Medium dense
sand

Ruesta and
Townsend

1997

Huang et al.

Notes

Proposed p-multipliers

Conclusions

None proposed

No loss of soil resistance for deflections less than 6
mm. For higher deflections, increased number of
piles in a group resulted in increased loss of
resistance.

Cyclic loading

None proposed

Higher loads resulted in increased interaction.
Shear and bending moment high in lead row.

3D

Cyclic loading

None proposed

Depth to maximum moments increased with each
subsequent row. Elasticity-based models
inaccurate.

Closed-ended steel
3x3 configuration

3D

2-Directional cyclic
loading

P-multipliers first introduced:
0.8, 0.4, 0.3

Leading rows significantly stiffer than trailing rows.
No pattern within rows. Shadowing effects more
significant in sand than in clay. Cyclic loading had
no effect due to densification. P-multipliers
introduced.

Loose - dense
sand

Square, prestressed
concrete
4x4 configuration

3D

Two groups: fixedhead and free-head

P-multipliers same for both groups: 0.8, 0.7,
0.3, 0.3 (0.55 overall)

Center piles experienced more interaction.

2001

Silty sand to silt

Two groups: one
driven (precast;
3x4), one bored
(cast in place; 2x3).
Both with headblocks.

3D

Concrete piles.
Assessed effects of
installation. Some
axial loads, though
mostly lateral.

Driven pile p-multipliers: 0.89, 0.61, 0.61, 0.66
Bored pile p-multipliers: 0.93, 0.70, 0.70

Bored piles softened soil profile, driven piles
densified it. P-multipliers vary with installation
method, soil conditions and modeling methods.

Rollins et al.

2003a

Soft to medium
stiff clay

Closed-ended steel
3x3 configuration

5.65D

Cyclic static
loading; single
impulse dynamic
loading.

P-multipliers: 0.98, 0.95, 0.88

No pattern within rows. Combined with other
results, concluded that at 6.5D, interactions
nonexistent.

Rollins et al.

2003b

Stiff clay

Closed-ended steel
3x3 to 3x5
configurations

3.0D
3.3D
4.4D
5.6D

Various diameters
tested.

3.0D - 0.82, 0.61, 0.45
3.3D - 0.90, 0.61, 0.45, 0.45, 0.51 to 0.46
4.4D - 0.90, 0.80, 0.69, 0.73
5.6D - 0.94, 0.88, 0.77

Larger spacing, higher multipliers. Pile diameter
(stiffness) didn't affect p-multipliers.

Rollins et al.

2005

Loose fine sand to
silty sand

Closed-ended steel
3x3 configuration

3.3D

Cyclic static loading

P-multipliers: 0.8, 0.4, 0.4

Outer piles carried higher loads (typical of sands
and probably due to wider failure wedges).
Installation techniques didn't influence p-multipliers
(combining results with previous findings).

Table 2.2 Summary of centrifuge research pertinent to this study.

Year

Soil

Pile Type

Spacing

Notes

Proposed p-multipliers

Conclusions

Barton

1984

Fine sand

Groups of 2, 3, and 6.

2D
4D
8D

Cyclic loads

None proposed

Elastic theory underpredicts pile group
interactions. Empirical factors can be
superimposed to predict general behavior.

Kotthaus et al.

1994

Very dense
sand

Open-ended, tubular
aluminum; capped;
groups in rows of 3

3D
4D

Cyclic loads
o
Dr = 98%, φ = 38

None proposed

Determined efficiencies for rows:
1st Row >= 0.95
2nd, 3rd Row = 0.62

McVay et al.

1994

Loose
medium
dense sands

Open-ended, tubular
aluminum; capped in a
3x3 configuration

3D
5D

Cyclic loads
o
Dr = 17%, φ = 31
o
Dr = 45%, φ = 38

None proposed

Higher soil density resulted in higher group
st
lateral load resistance, higher 1 row
nd
rd
resistance and lower 2 and 3 row
resistances. Increased pile spacing resulted in
more resistance and more even distribution of
resistance among rows.

McVay et al.

1995

Loose to
dense sand

Open-ended, tubular;
3x3 configurations

3D
5D

Cyclic loads
o
Dr = 33%, φ = 34
o
Dr = 55%, φ = 39

P-multipliers:
Loose sand, 3D: 0.65, 0.45, 0.35
Dense sand, 3D: 0.8, 0.4, 0.3
All sands, 5D: 1.0, 0.85, 0.7

Pile spacing, not soil density most influenced
efficiency. P-multipliers for 5D groups were
independent of soil density.

Remaud et al.

1998

Fine sand

Open-ended, tubular
aluminum; 1x2
configurations

2D
4D
6D

Cyclic loads
In-place unit
3
weight: 16.3 kN/m

Trailing row p-multipliers:
2D: 0.52; 4D: 0.82;
6D: 0.93

Group effects evident for spacing less than 6D.
Resistance was 80% of single pile for 2D and
95% for 6D.

McVay et al.

1998

Loose and
medium
dense sands

Solid squre piles;
capped in 3x3 to 3x7
configurations

3D

Cyclic loads
o
Dr = 36% φ ≈ 34
o
Dr = 55%, φ = 39

See Table 2.3

P-multipliers seemed independent of soil
density and more dependent on group
th
geometry. Regardless of group size, n row
always carried same percentage of total load
provided it was not the last row.
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Researcher(s)

Table 2.3 Suggested p-multipliers for laterally loaded pile groups
(McVay et al., 1998).
Row position
Lead row
Second row
Third row
Fourth row
Fifth row
Sixth row
Seventh row

Three
rows
0.8
0.4
0.3
-----

Four
rows
0.8
0.4
0.3
0.3
----

Five
rows
0.8
0.4
0.3
0.2
0.3
---

Six
rows
0.8
0.4
0.3
0.2
0.2
0.3
--

Seven
rows
0.8
0.4
0.3
0.2
0.2
0.2
0.3

random—that outside piles did not carry more load than did center piles. In the same
report, they suggested that at 6.5D, group effects are negligible. In the same year
(2003b), they observed that pile diameter (stiffness) had little effect on p-multipliers,
and also determined p-multipliers for multiple pile spacings (listed in Table 2.1).
Most recently (2005), Rollins et al. reported that in sands, outside piles did carry
higher loads than center piles. They theorized that this result was likely due to wider
failure wedges that develop in sandy soils compared to clayey or silty soils.
Combining their results with those from previous tests suggested that installation
methods had little influence on p-multipliers.
The above research has lead to multiple design curves that vary widely. Figure
2.2 shows some commonly-used design curves. Depending on the design curve
selected from this figure, an engineer may decide on substantially different designs.
Although significant advancement has been made regarding laterally loaded pile
groups, discrepancies between test results indicate additional research is needed to
better understand group effects. Of interest is how higher spacing influences group

16

interactions. Much of the research discussed previously was conducted for pile groups
at 3D spacing. Additionally, most research to date focuses on groups with three rows
or fewer. Because many pile groups used in practice have numerous rows (more than
three), p-multipliers are needed for these larger pile groups. Also of interest is group
response under cyclic loading. This project will seek to address some of these issues.
The pile group used in this study was spaced at 3.92D on centers, it was constructed
with five rows, and was loaded cyclically. Results from this test should contribute
valuable information to the body of research already conducted.

Row 1 Design Curves
1.2

1.0

P-Multiplier

0.8

0.6

0.4

0.2

Rollins et al. (2005)
Reese & Wang (1996)

US Army (1993)
AASHTO (2000)

WSDOT (2000)
Reese & Van Impe (2001)

Mokwa & Duncan (2001)

0.0
2

3

4

5

6

Pile Spacing / Pile Diameter (center to center)

Figure 2.2 Common p-multiplier design curves currently in use.
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CHAPTER 3 - GEOTECHNICAL SITE
CHARACTERIZATION
3.1 SITE DESCRIPTION
The test site is located about 300 meters north of the control tower at Salt Lake
City International Airport. The site is very suitable for pile testing and heavy
construction in general as there are no overhead or adjacent obstructions that normally
impede heavy equipment operation. Additionally, the terrain is flat and open,
allowing easy access to the site. Figure 3.1 is an aerial photograph of the site taken in
1998 prior to the installation of the pile group discussed in this test and shows the
general location of the test site in relation to the control tower.
Multiple laterally loaded pile group tests have been conducted at this location.
The first of these was of a 3x3 free-head pile group spaced at 2.82D, driven about 15
meters east of the pile group tested in this study. This 3x3 group was installed in the
summer of 1995. The pile group tested for this current study was installed
simultaneously with another 3x3 pile group spaced at 5.65D in the summer of 2002.
Prior to installing these additional groups, the top layer in the soil profile (consisting
of 1.5 m [5 ft] dense sandy gravel fill) was excavated. As these two groups were to be
tested in clay (which dominates the soil profile), this sandy gravel fill had to be
removed to prevent skewed results.
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Figure 3.1 Aerial photograph of pile test site taken in 1998 (courtesy USGS).

After testing was completed on these two pile groups in clay, an additional
0.91 m (3ft) of clay was removed from around these two groups. During this
excavation process, the water table level was observed to be 2.13 m (7 ft). Washed
concrete sand was then placed as backfill to bring the test site surface back to the
ground level of the surrounding terrain. This produced a 2.4 m-thick layer of sand
around the pile groups at the top of the profile. Reese and Van Impe (2001) suggest
that soils closest to the ground level (5 to 10 pile diameters in depth, 1.5 to 3 m in this
case) most significantly influence pile-soil interactions due to lateral loads. Therefore,
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the vast majority of the lateral response would be governed by the properties of the
sand surface layer. Because two years had elapsed since testing these pile-groups and
the top layer of soil had been removed, these test piles had a chance to relax back to
their original driven positions from any residual displacement due to previous testing.
Backfilling around the 15-pile group was done manually in average lifts of
about 0.203 m (8 in). Each lift immediately around the pile group was compacted
using a “Jumping Jack”-type compactor with a 280 x 330 mm (11 x 13 in) shoe size
which delivered an impact force of 14.7 kN (3300 lb) at a rate of 700 blows per
minute. Backfilling around the 9-pile group and around the drilled shafts was
accomplished using a front-end loader. Lifts around the 9-pile group and the drilled
shafts tended to be much thicker than around the 15-pile group, averaging around 0.36
m (14 in). Backfilling was conducted on two different days. For the first day, all
compacting around the 9-pile group was accomplished using a compactor attachment
on the arm of a track-hoe. For the second day, compacting around the 9-pile group
was done using the “Jumping Jack” compactor used around the 15-pile group.
Between lifts, the relatively free-draining backfill material was wetted down to
facilitate denser compaction. Properties of the backfill material are described in
Section 3.3.
Following the compaction of each lift, a nuclear density gage was used to
determine the moisture content, dry density, and percent relative compaction of each
lift. Results from the nuclear density tests are provided in Table 3.2 and Table 3.3 for
the 15-pile group and 9-pile group with two adjacent drilled shafts, respectively.
Compaction was around 92.5 percent of modified Proctor maximum density for the
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site as a whole with a standard deviation of about 1.5 percent. These results are
discussed in further detail later in this chapter.

3.2 GEOTECHNICAL INVESTIGATION HISTORY
Due to the numerous pile tests performed at this location, a large body of data
is available regarding the soil profile of the site. A rigorous soil investigation was
conducted in 1995 by Peterson (1996). This investigation provided considerable
information regarding the subsurface soil conditions of the test site and included cone
penetrometer (CPT) testing, standard penetration (SPT) testing, pressuremeter (PMT)
testing, and vane shear (VST) testing. Laboratory tests were also conducted at this
time and included assessments of particle size distribution, Atterberg limits, soil
classification (USCS), shear strength, and consolidation properties. Additional CPT
soundings were performed in 1998. Section 3.3 discusses results from laboratory tests
while Section 3.4 does the same for in-situ tests.
Site investigations up through 1998 focused on the area immediately around
the 3x3 pile group first installed at the test site. After the additional pile groups were
driven, investigations conducted in 2003 focused on the area surrounding the new pipe
pile groups and drilled shafts. These investigations included three additional CPT
soundings, two drilled holes, and samples retrieved using hand augers at two locations.
Laboratory tests included assessments of particle size distribution, Atterberg limits,
soil classification, and shear strength tests. Figure 3.2 shows the locations of all soil
tests conducted at the test site.
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CPT-03-N

H-03-N
9-Pile Group
1.83m (5.65D)

DH-03

7.92m
1.22m Drilled Shafts
with 1.22m x 1.22m
x 0.8m Caps

CPT-03-M

KEY

3.66m
Edge of
Excavation
7.92m

H-05-S

DH: Drilled Hole
H: Hand Auger
CPT: Cone Penetrometer Test
PMT: Pressuremeter Test

DH-02
CPT-03-S
1.82m
15-Pile Group
1.27m (3.92D)

H-03-S

PMT-96-2
DH-96-W

CPT-96-W
0

2

CPT-98-W
H-96-W

CPT-98-E
H-96-E

PMT-96-1

8

4

Existing 2.74m x
2.74m x 1.22m
Concrete Pile Cap
(Rollins et al., 1998)
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H-96-SE
CPT-96-SE

Meters

Figure 3.2 Layout of test site with soil test locations.
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Because past geotechnical tests focused on the soft soils below depths of 1.5 m
(5 ft) and because surface layers were excavated and replaced for the most recent set
of pile tests, additional soil testing was required to assess near surface soil conditions.
These tests focused on the second set of pile groups installed at the test site and were
conducted in 2004 and 2005. In-situ tests conducted for the backfilled sand include
the nuclear density gauge readings discussed above. Laboratory tests conducted
during this time focused on the sand backfill that was used to raise the ground level of
the test-site back to that of the surrounding terrain. These lab tests included particle
size distribution, soil classification, and modified proctor density tests.

3.3 LABORATORY TESTS
All lab tests were conducted at the soils laboratory at Brigham Young
University. Laboratory tests include particle size distribution, Atterberg limits, soil
classification, shear strength tests, and modified proctor tests. All tests were
conducted in general accordance with applicable ASTM standards.
In 2005, no additional laboratory tests were performed on soils below 2.4 m
(8 ft) as previous investigations provide ample data regarding these soil layers. To
classify the upper layers of the soil profile, all laboratory tests conducted in relation to
this study were performed on material that was backfilled around the pile groups and
drilled shafts.
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3.3.1

Index Properties
Grain-size distribution curve boundaries for the backfill sand are presented in

Figure 3.3 together with upper and lower bounds for concrete sand specified by
ASTM C-33. The sand is a fine to medium grain with a sub-rounded shape. Based on

Percent Finer

100
90

Backfill Material

80

ASTM C-33 Lower Bound
ASTM C-33 Upper Bound

70
60
50
40
30
20
10
0
100

10

1

0.1

0.01

0.001

Grain Size (mm)

Figure 3.3 Grain-size distributions for backfilled sand compared to upper and
lower bounds for concrete sand specified by ASTM C-33.

Figure 3.3 the mean grain size (D60) for the sand is 1.1 mm, the coefficient of
uniformity (Cu) is 10.0 and the coefficient of gradation (Cc) is 1.8. Although washed
concrete sand is typically classified as SP according to the unified soil classification,
backfilled sand for this test was classified as SW material due to an elevated amount
of fine sand. In general, backfilled material falls well between the upper and lower
bounds specified by ASTM C-33 except at small diameters as previously noted.
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Soil classifications and index properties are presented in Table 3.1. Note that
data for surface soils were obtained from sample H-05-S while data for all other layers
were obtained from sample H-03-S.

Table 3.1 Grain size distribution and Atterberg limits for hand samples H-05-S
(uppermost layer) and H-03-S (all other layers).
Depth
Below
Ground
Surface
(m)
0
2.74
3.04
3.35
3.65
3.96
4.26
4.57
4.87
5.18
5.33

3.3.2

Natural
Moisture
Content
( percent)
-36
30
33
30
31
27
32
31
30
26

Grain Size
Distribution
Sand
( percent)
95
38
38
61
24
22
38
41
62
67
71

Fines
( percent)
5
62
62
39
76
78
62
59
38
33
29

Atterberg Limits
Liquid
Limit
( percent)
N/A
24
23
N/A
25
N/A
24
N/A
N/A
N/A
N/A

Plasticity
Index
( percent)
NP
1
3
NP
3
NP
3
NP
NP
NP
NP

Classification
(USCS)

Well graded clean sand (SW)
Sandy Silt (ML)
Sandy Silt (ML)
Fine Sand w/ Silt (SM)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Silty Sand (SM)
Silty Sand (SM)
Silty Sand (SM)

Shear Strength Tests
Numerous tests were performed to determine the shear strength of the soil at

the test site. While an in-situ shear strength test was performed on backfilled sand
(discussed in the next section), all laboratory shear strength tests were conducted on
material below 2.4 m (8 ft) in the soil profile. Unconsolidated-undrained (UU) triaxial
tests were performed on samples obtained from borings DH-96-W, DH-02, and DH03. Pocket torvane shear tests were also performed on material from DH-96-W.
Additionally, unconfined compression tests were conducted on samples from DH-03.
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While previous results showed soils near ground surface to have unusually
high shear strengths, these materials were removed and replaced with sand. For soils
that ranged from 3 to 10.5 m (10 to 34 ft) below ground level, shear strength (Su)
increased linearly with depth, most values between 25 to 60 kPa (500 to 1300 psf).
These triaxial test were used to determine ε50 values which are strain at which 50
percent of Su is mobilized. For soft clay, these values are required for computer
modeling of laterally loaded piles accomplished using the programs LPILE and
GROUP. (See Table 6.1 and Table 6.2 for ε50 values).
3.3.3

Modified Proctor Density Test
Two modified proctor density tests were performed on backfilled sand used at

the test site. Results for both tests are displayed in Figure 3.4. Dry unit weights for all

3

Dry Unit Weight (kN/m )

20.0
18.0
16.0
14.0
1st Proctor Test
2nd Proctor Test

12.0
10.0
0.0%

2.0%

4.0%

6.0%

8.0%

10.0%

12.0%

14.0%

Moisture Content, w (% )

Figure 3.4 Results for modified proctor tests conducted on backfilled sand from
the test site.
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moisture contents averaged about 17.5 kN/m3 (111 lb/ft3) with little scatter. Typically,
one would expect a slight peak in the compaction curve, indicating what moisture
content achieves maximum unit weight. Because data plotted in Figure 3.4 remains
essentially flat for all moisture contents tested, maximum unit weight of compaction is
nearly independent of moisture content for ranges between 5 and 12 percent.

3.4 IN-SITU TESTS
3.4.1

Nuclear Density Gauge Testing
Section 3.1 detailed the backfilling process and the associated nuclear density

gauge testing. Testing was performed between each lift at various locations around
the test site. Each lift was tested in more than one location. For brevity and clarity,
these locations have not been indicated on Figure 3.2. Results are provided as Table
3.2 and Table 3.3. Note that all values have been provided, thus multiple values are
reported for some depths. Variations between soil surrounding each pile group is
likely due to varying compactive effort and lift thickness rather than moisture content.
3.4.2

Cone Penetrometer Testing (CPT)
Over the past nine years, seven CPT soundings have been recorded at different

locations on the test site. Two soundings were conducted in 1996 with two more in
1998. Both sets of tests were immediately around the original 3x3 pile group. In
2003, following the installation of the second and third pile groups together with
placement of the drilled shafts, three more soundings were recorded. Each of
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Table 3.2 Nuclear density gauge data collected during backfilling of the 15-pile
group.
Depth
Below
Ground
(m)
0.1
0.2
0.2
0.2
0.4
0.4
0.5
1.0
1.4
1.7
1.7
1.7
1.8
1.9

Location Within
Pile Group
South West
North
Single Pile
South East
Single Pile
East
South
North
South East
South West
North West
South East
North West
South East
Mean
Standard Deviation

Average
Relative
Compaction

Average
Dry
Density

Average
Wet
Density

Average
Moisture
Content

(%)
91.0
91.6
90.6
93.6
93.9
93.4
93.7
94.3
92.6
94.6
92.4
95.5
93.6
93.7

(kN/m3)
15.9
16.0
15.8
16.3
16.4
16.3
16.3
16.4
16.1
16.5
16.1
16.7
16.3
16.3

(kN/m3)
17.1
17.2
16.8
17.6
17.3
17.5
17.3
17.4
17.0
17.4
17.0
17.4
17.4
18.2

(%)
7.6
7.7
6.6
7.6
5.8
7.5
5.9
5.7
5.5
5.4
5.7
4.6
6.5
11.6

93.2
1.4

16.2
0.2

17.3
0.3

6.7
1.7

these soundings corresponded to one of the new deep foundations installed in 2003:
one sounding adjacent to the 15-pile group, one next to the drilled shafts, and one
beside the 9-pile group. Measurements for all tests include tip resistance (qc), sleeve
friction (fs), and pore water pressure (u).
RB&G Engineering performed the initial CPT test (CPT-96-W) with an
electric cone mounted drill rig. Measurements were recorded manually every 100 mm
(3.9 in). Alta-Geo, Inc. performed test CPT-96-SE with a 180-kN (20-ton) truck
mounted piezo-cone. An electronic data collection system recorded measurements
every 10 mm (0.4 in). The five tests conducted between 1998 and 2003 were
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Table 3.3 Nuclear density gauge data collected while backfilling the 9-pile group
and drilled shafts.
Depth
Below
Ground
(m)
0.2
0.2
0.2
0.6
0.6
0.6
0.6
0.9
0.9
1.3
1.8
1.8
2.0
2.0

Location Within
Pile Group
South
North
West
North
East
South
West
South
North
South of Columns
North of Columns
South of Columns
South East
North West

Mean
Standard Deviation

Average
Relative
Compaction
(%)
92.3
93.0
92.1
92.8
93.7
94.2
93.8
90.1
92.5
92.5
94.7
92.5
87.6
90.6

Average
Dry
Density
(kN/m3)
16.1
16.2
16.1
16.2
16.3
16.4
16.4
15.7
16.1
16.1
16.5
16.1
15.3
15.9

Average
Wet
Density
(kN/m3)
17.1
17.2
17.0
16.9
17.1
17.0
17.2
16.6
17.1
16.8
17.3
16.7
16.0
16.6

Average
Moisture
Content
(%)
6.0
5.9
5.6
4.2
4.7
3.8
5.3
5.7
6.3
4.0
4.6
3.5
4.7
5.7

93.0
1.7

16.2
0.3

17.0
0.3

5.0
1.0

performed by ConeTec, Inc. using a 180-kN truck mounted electric cone. An electric
data acquisition system recorded data at 50 mm (2.0 in) increments.
Figure 3.5 compares data collected for the two 1996 CPT tests while Figure 3.6
does the same for the two 1998 tests. Figure 3.7 compares data collected for the three
tests conducted in 2003. Figure 3.8 shows data for the three tests conducted nearest
the 15-pile group. These tests include CPT-96-W, CPT-98-W, and CPT-03-S. Note
that tests performed from 1996 through 2003 have data beginning below 2.4 m (8 ft).
This depth is the extent to which original material was removed and replaced with
sand.
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Figure 3.5 Comparison of measured results from two CPT soundings performed in 1996 (Peterson, 1996).
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Figure 3.6 Comparison of measured results from two CPT soundings performed in 1998.
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Figure 3.7 Comparison of measured results from three CPT soundings performed in 2003.
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Figure 3.8 Comparison of results from three different soundings performed at different times around the 15-pile group.

Interpretation of CPT data records was accomplished using a soil behavior
classification chart developed by Robertson et al. (1986). Robertson (1990) contains
normalized charts that account for vertical effective stress. These charts were not used
to interpret the soundings obtained for this study.
Interpreted soil profiles agree fairly well with those profiles outlined in Table
3.1. Based on the interpreted CPT soundings, soils from a depth of 2.44 to 3.35 m (5
to 11 ft) below ground surface were classified as silts and sensitive fines. Soils from
depths of 3.35 to 4.57 m (11 to 15 ft) were classified as sandy silts. The remaining
soil profile was then classified as sandy silts interspersed with sand layers.
3.4.3

Pressuremeter Testing (PMT)
In 1996, two types of pressuremeter tests were performed at the test site, pre-

bored and push-in. Procedures for both types were in accordance with ASTM D4719-87. Four pre-bored PMT tests were conducted at PMT-96-1 using the straincontrolled approach. The tests were conducted using the Rocktest TEXAM model
control unit with the NX size probe with a length to diameter ratio of 7.5. Data was
recorded with the center of the probe at depths of 2.1, 3.5, 4.6, and 5.2 m (7, 11.5, 15,
and 17 ft). In all four tests, holes were drilled using a standard tri-cone bit and cased
one meter (3.3 ft) above the end of the probe.
Soils were classified using correlations developed by Briaud (1992) and
Baguelin et al. (1978). Cohesive soils were determined to have medium consistencies
while underlying layers were categorized as dense to medium dense sands. Materials
3.5 m (11.5 ft) below ground level were normally consolidated while all other layers
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were deemed overconsolidated. These results differ from results obtained for other
tests and so may be unreliable. Undrained shear strengths (Su) determined using two
correlations from Briaud (1992) were slightly lower than those found from the triaxial
and VST tests (see Figure 3.9).
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Figure 3.9 Shear strength of soils at various locations and depths at the test site.
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A push-in PMT test was performed at PMT-96-2 with readings at depths 2.2,
3.1, and 4.0 m (7.2, 10.2, and 13.1 ft) below ground level. The method of insertion is
believed to better mimic installation of driven piles; however, data collected from this
test was not interpreted due to the non-applicability of provided correlations.
3.4.4

Standard Penetration Testing (SPT)
SPT testing was performed only on sands at the location designated DH-96-W

in Figure 3.2. A standard 64/51 mm (OD/ID) split-spoon sampler was driven by a 622
N (140 lb) hammer dropped from 760 mm (30 in). Corrected blow counts typically
ranged between 20 and 45. According to correlations by Kulhawy and Mayne (1990),
these blow counts indicate sand layers that are dense to very dense while correlations
from Terzaghi and Peck (1967) designate these layers as medium to dense.
3.4.5

Vane Shear Testing (VST)
Vane shear tests were conducted at DH-96-W. Using the method provided by

Bjerrum (1972), measured shear strength (Su) values were corrected for plasticity
index (PI). Corrected values typically ranged from 20 to 60 kPa (420 to 1250 psf),
indicating clays with medium strength. One extreme case measured the in-situ
strength to be 110 kPa (2300 psf) at 2.7 m (9 ft) below ground surface.
Figure 3.9 shows shear strengths for soils at various locations and depths
across the test site. It also indicates which test provided which results. Variations in
results are likely due to variations in layer type and thickness from one location to
another as well as differences inherent between test types.
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3.5 IDEALIZED SUBSURFACE PROFILE
Figure 3.10 shows a composite soil profile constructed from findings for all
soil tests conducted at the test site. The water table in this profile is positioned 2.13 m
(7 ft) below ground surface based off observations made during excavation and
backfilling. This profile was primarily influenced by results from laboratory tests
conducted in 2003 (Table 3.1), composite CPT soundings nearest the 15-pile group
(Figure 3.8), and an idealized soil profile constructed by Peterson (1996) (included as
Figure 3.11). Despite small discrepancies between these sources, overall good
agreement exists between the various results.
Discrepancies include lab results for 2003 finding a higher content of sand for
the upper clay layer than did the assessments conducted in 1996. The soil profile
provided as Figure 3.10 was eventually input (with modifications) into computer
modeling software for comparison purposes (discussed in Chapter 6). Backfilled
concrete washed sand comprise the top 2.44 (8 ft) of the soil profile, followed by a
lean clay layer approximately one meter (3.3 ft) thick underlain by an additional meter
of sandy silt. Alternating layers of silt and sand complete the profile to a depth of
about 13 m (43 ft) the largest of which is a poorly graded sand layer about 2.4 m (8.2
ft) thick. Engineering properties for each soil layer are presented along with
subsequent analysis results on Table 6.1 in Section 6.2.3 and Table 6.2 in Section
6.3.2.
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Figure 3.10 Idealized soil profile used in computer modeling.
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Figure 3.11 Idealized soil profile modified from test results for drill hole DH-96-W (Peterson, 1996).

CHAPTER 4 - SINGLE PILE LOAD TEST
4.1 INTRODUCTION
Group effects were determined by comparing results for the 15-pile group to
those of a single pile driven at the same site and loaded in a similar manner. The
properties of the single pile were identical to those of the piles in the group and all
piles were driven on the same day. This chapter will provide a discussion of the
layout, instrumentation, procedure, and results of the single pile tests. Comparisons
will also be drawn between the results of a previous single pile test in clay (Snyder,
2004) and to the results of the current tests in sand.

4.2 TEST LAYOUT
The single pile used in this test was installed about six pile diameters west of
the west pile in the third row of the group as shown in Figure 4.1. The pile was driven
closed-ended on June 27, 2002. Details regarding installation of the single pile are
provided together with details regarding installation of the 15-pile group in Section
5.2. At the time, the test site surface had been excavated to a depth 1.52 meters (5
feet) below the native ground level. The pile was driven such that 2.1 meters (7 feet)
of pile remained above the excavated ground surface, leaving approximately 0.6
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meters (2 feet) of pile above the native ground level. In preparation for the most
recent tests, an additional 0.9 m (3 feet) of clay was excavated and then the test site
soil surface was brought flush to the native ground level by backfilling the excavation
with washed concrete sand around all piles on the test site. As indicated previously,
the sand was compacted to a unit weight equal to approximately 93 percent of the
modified Proctor value.
The single pipe pile conformed to ASTM 252 Grade 3 specifications. The
outer diameter was 324 mm (12.75 in) and the wall thickness was 9.5 mm (0.375 in).
In conjunction with the I-15 reconstruction project, Geneva Steel performed tests on
192 piles of the same type as used at the airport site. Using the 0.2 percent offset
method, the average yield strength of the piles was determined as 404,592 kPa (58,684
psi) with a standard deviation of 15,168 kPa (2,200 psi). The average tensile strength
was found to be 584,087 kPa (84,715 psi) with a standard deviation of 17,650 kPa
(2,560 psi). LPILE calculations performed on the same pile type resulted in a yield
moment of 350 kN-m (258 kip-ft).
Loading of the pile was accomplished by pushing the single pile against the
pile group. A reaction beam (AISC Shapes W760x284 [metric designation] and
W30x191 [English designation]) and a 1.34 MN (150 ton) hydraulic jack were both
placed between the group and the single pile, one end of the jack against the single
pile and the other against the reaction beam as illustrated in Figure 4.1. A channel
section was welded to the single pile to provide a flat pushing surface for the jack.
Additionally, a hemispherical swivel plate was placed between the end of the jack and
the channel section to minimize the potential for eccentric loading of the pile. Hence,

42

the test represented “free-head” pile conditions. The jack was placed approximately
480 mm (19 inches) above ground level. Expanding the jack loaded the single pile
laterally.

North

15-pile Group
1.34MN Load Cell
Swivel Plates

1.34MN
Hydraulic Jack

W760X284

Single Pile

Edge of
Excavation

Figure 4.1 Plan view of single pile test setup (Snyder, 2004).

4.3 INSTRUMENTATION
Data of interest included pile-head deflection, load applied by the hydraulic
jack, and strain data along the length of the pile.
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Pile head deflections were measured at the load point using two string
potentiometers sensitive to 0.25 mm (0.01 inches). Both were attached to an
independent reference frame. Data collected with the two string potentiometers was
zeroed out and then averaged to obtain deflection data used in calculations and figures.
Loads developed in the single pile test were measured using a 1.34 MN (150 ton)
strain gauge load cell.
Strains along the length of the pile were measured by water-proof electrical
resistance type strain gages manufactured by Texas Measurements, Inc. (model
WFLA-6-12). Strain gages were applied by sanding down the side of the pile until
smooth then rinsing with acetone. Strain gages were then attached directly to the pile
using an epoxy-based glue. A total of 42 strain gages were placed on the pile, one on
each side of the pile with two at each depth. The upper 28 gages were separated along
the length of the pile a distance of 0.46 meters (1.5 feet) on centers. The bottom 14
gages had an average separation of 0.91 meters (3 feet) on centers. Strain gage depths
are detailed in Figure 4.2.
Following the application of the gages, angle irons were welded along the
length of each side of the pile to protect the strain gages. Additionally, waterproof
foam was injected into the cavity created by the angle irons to further protect the strain
gages from damage. Despite these precautions, and primarily due to the age of the test
system, some strain gages had failed by the time of the test and no data was collected
from these devices. For example, both gages at a depth of 5.64 meters (18.5 feet)
below the current ground level were inactive and therefore data was not collected for
this depth. This was also the case with strain gages at depth 8.84 meters (29 feet)
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Load Point
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Ground Level

Ground Level

Gage @ Ground Level
0.76 m
1.52 m
1.98 m
2.44 m
2.90 m
3.35 m
3.81 m
4.27 m
4.72 m
5.18 m
5.64 m
6.10 m
6.55 m
7.01 m

Note: All Strain Gage
Depths are Relative to the
Ground Surface.

7.92 m
8.84 m
9.75 m
10.67 m
11.58 m
12.80 m

Figure 4.2 Strain gage depth and location along the length of the single pile.

below the current ground surface. However, because of the relatively close spacing of
the gages, there were still sufficient working gages to adequately define the bending
moment versus depth profile. Adding angle irons increased the pile moment of inertia
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324mm OD,
9.5mm Thick,
Closed-Ended
Steel Pipe Pile
Strain Gages
5.1mm Angle Iron
with 38.1mm Legs
Tapered to a Close at
the Lower End

Figure 4.3 Cross-sectional view of the single pile with additional angle iron
(Snyder, 2004).

from 1.16 x 108 mm4 (279 in4) to 1.43 x 108 mm4 (344 in4). Figure 4.3 is a crosssectional view of the pile with the additional angle irons.
Data from all devices were collected simultaneously at 0.5 second intervals
using an Optim Megadac data acquisition system. A total of 41 data collection
channels was used including those for the 42 strain gages (less the four that were
inactive), the two string potentiometers, and the one load cell.

4.4 TEST PROCEDURE
The single pile test was performed on October 15, 2004, approximately two
months following the completion of the 15-pile group test. The test was performed
using a displacement controlled approach. Once the data collection devices were
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connected, the single pile was pushed 3.2 mm (0.125 inches) to ensure that the system
was working properly. Checks were made to ensure that measured loads were
reasonable, that good agreement existed between the two string potentiometers, and
that the strain gages were responding.
Once the equipment appeared to be working correctly, the single pile was
pushed to increasingly higher deflections. Target deflections were 6, 13, 19, 25, 38,
51, 64, 76, and 89 mm (0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5 inches). Following the
initial push to each new target deflection, nine additional cycles were applied for each
target deflection prior to pushing to the next highest deflection. This cycling was done
to simulate earthquake ground motions. Seed et al. (1982) determined that
approximately ten cycles would result from a magnitude 6.75 earthquake. Previous
studies (Snyder, 2004) suggest the decrease in resistance beyond ten cycles is
relatively small and that most load reduction occurs in the first three cycles. Because
of safety concerns, the 89 mm (3.5 inch) target deflection was reached only once; ten
cycles were not performed for this last target deflection. Additionally, for target
deflections of 6 and 64 mm (0.25 and 2 inches) eleven cycles were unintentionally
applied.
Although most of the loading cycles occurred in quick succession with no
pauses, the deflection level for the first and tenth cycles was held constant for
approximately five minutes. This pause in loading allowed data to be read and entered
into a spreadsheet by hand for immediate comparison of the single pile test to that of
the 15-pile group conducted previously. Should aberrations have been noted during
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testing, this time would have allowed for correction. As it was, no aberrations that
were easily corrected were noted at this point.

4.5 TEST RESULTS
4.5.1

Load Versus Deflection
A review of the test data strongly suggests that the load measured by the load

cell is about 20 percent higher than the actual applied load. This conclusion is based
on two pieces of information. First, the measured load is 20 to 30 percent higher than
the load computed by taking the moment at the ground surface (as indicated by the
measured strain) and dividing by the height of the load above the ground. Second, the
measured load-deflection curve is about 20 percent higher than the load-deflection
curve for the first row of piles in the 15-pile group and the 9-pile group. Because
group interaction is relatively minor for the first row piles, their load-deflection curves
should be very similar to those for the single pile.
Due to the single pile loading mechanism, the loads measured by the load cell
are higher than the loads actually experienced by the pile. The pile likely experienced
some eccentric loading at larger deflection levels (12.7 mm and above) and rather than
reacting to the full load indicated by the load cell, experienced only a portion of that
load. This condition would likely have resulted in moments developing in the pile at
some elevation above ground surface. This cannot be confirmed, however, as no
strain gages were placed above ground surface. Figures indicating moment versus
depth (Figure 4.14 through Figure 4.18) display zero moment at the load point per a
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pinned connection as actual moments here cannot be assessed accurately. The pile
group didn’t experience this same problem due to the pin joints that connected the
piles in the group to the load frame. These pinned connections allowed the piles to
rotate while still transferring the full applied force. Laboratory tests showed that
overestimates of about 20 percent in the load could be produced by eccentric loading
of the load cell.
In order to compensate for the eccentrically applied load, a set of multipliers
was adopted to adjust the measured load data and obtain real values. These factors
varied as a function of deflection as shown in Table 4.1 and were arrived at by
comparing 9-pile and 15-pile first row load deflection curves to that of the single pile.
This procedure yielded overall better results in all points of comparison, as will be
discussed in Chapters 5 and 6. No adjustment is needed until larger deflections (12.7
mm) are reached, after which the factor becomes essentially constant. Figure 4.4
shows the load-deflection curves for the actual and adjusted single pile loads

Table 4.1 Target deflections and their associated multiplication factors.
Deflection
(mm)
3.2
6.4
12.7
19.1
25.4
38.1
50.8
63.5
76.2
88.9

Multiplication
Factor
1
1
0.84
0.78
0.78
0.78
0.78
0.78
0.78
0.78
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Figure 4.4 Comparison of the first cycle measured and adjusted load-deflection
curves for the single pile to the actual load-deflection curve for Row 1, first cycle
of the pile group.
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Figure 4.5 Comparison of the tenth cycle measured and adjusted load-deflection
curves for the single pile to the actual load-deflection curve for Row 1, tenth cycle
of the pile group.
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compared to that of the first row in the pile group for the first cycle. Figure 4.5
provides the same curves for the tenth cycle. The unadjusted single pile results are
clearly too high compared to those for the pile group. Put side by side, the graphs
show that the same multiplication factors produced equally satisfactory matches for
both the first and tenth cycle results.
The complete adjusted load versus deflection history of the single pile test is
provided in Figure 4.6. The initial push to the various target deflections and the
subsequent un-load cycles are apparent. It is also apparent that testing began just prior
to data collection, because the first data point collected is not at zero deflection and
zero load. This potentially could have posed a problem for zeroing out deflection
data. Fortunately, the values recorded by hand in the spreadsheet discussed earlier
provided the initial values necessary for zeroing out the data.
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Figure 4.6 Complete load versus deflection time history for the single pile test.
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One important observation regarding Figure 4.6 is that the lateral deflection of
the pile did not return to its initial value after each push. Although pile yielding would
produce such a pattern, the pile did not yield because the strains developed in the pile
were below the yield strain. The deflection offsets after each cycle are due to residual
soil deformation. As the pile was pushed laterally and then released, a gap began to
develop behind the pile. Often, the clean sand would collapse into this gap and come
to rest at some depth along the pile, preventing the pile from fully relaxing to its
originally unstressed position. A second observation is that the shape of the reload
curve is stiffer than the initial curve but the peak load is somewhat less than that for
the first cycle.
Figure 4.7 is a plot of adjusted peak load versus deflection for the first and
tenth cycles together with the loading paths of the tenth cycles. Immediately apparent
is the reduction in stiffness that occurs with additional cycles. The tenth cycle peak
loads are approximately 75 to 85 percent of those for the first cycle. However, at
loads below the peak, the resistance can be an even smaller percentage of the peak
first cycle load due to the shape of the reloading curve.
A thin gap formed in front of the pile prior to reloading. Due to this gap,
lateral resistance for the first part each push was provided primarily by the stiffness of
the pile rather than by the combined resistance of the pile and soil. This curve is
initially very steep but then begins to flatten and bend over. However, with continued
deflection, the pile closes the gap and soil resistance also develops. As a result, the
slope of the curve progressively increases up to the maximum deflection.
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Figure 4.7 Adjusted load versus deflection, showing the first and tenth cycle
peak load and the full tenth cycle up to the deflection at peak load.
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Figure 4.8 Deflection time history for the 51 mm (2 inch) target deflection push.
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As mentioned previously, some target deflections were cycled through eleven
times rather than ten. In the case of the 6 mm (0.25 inch) target deflection, data used
in Figure 4.7 was from the eleventh cycle. Additionally, for the 51 mm (2 inch) target
deflection, data used was that of the eighth cycle. The time history of deflection for
all cycles associated with the 51 mm (2 inch) target deflection is provided in Figure
4.8 and best illustrates the reason for using the eighth cycle instead of the tenth. While
many of the peak deflections associated with the cycles for this target deflection were
below the peak deflection for the first cycle, three other cycles were unintentionally
pushed beyond that initial deflection. In these cases, the peak load is higher than that
for the first cycle and no longer represent valid cycles for that target deflection. The
eighth cycle was chosen because its deflection was below that of the first cycle and
because its data lined up best with the trend of the other tenth cycle maximum loads
illustrated in Figure 4.7.
Interesting patterns unfold by comparing single pile results in sand to those
found for clay. Figure 4.9 shows a comparison of load versus deflection for single pile
tests conducted on the same pile in sand and in clay. The first cycle loads developed
in clay were about 60 to 70 percent of those developed for the first cycle in sand.
While Figure 4.9 does not draw a direct comparison for the last cycles in clay versus
those in sand (since clay was cycled through fifteen times and sand just ten), the
comparison is still informative. Snyder (2004) reports that cycling has little influence
on load or deflection past the tenth cycle and so the comparison is probably fairly
similar to one between tenth or fifteenth cycles directly. Loads developed in clay for
the last cycle of each target deflection were consistently around 60 percent of those

54

developed in sand. This percentage would likely be slightly higher if tenth or fifteenth
cycles were compared directly.
Another interesting comparison that can be drawn between clay and sand is the
amount of residual deflection that results during testing in each soil type. Figure 4.10
provides plots of residual deflection at the beginning of a cycle relative to the peak
deflection reached during that cycle for both sand and clay. The solid dark line
indicates a slope of one for which the residual deflection would be equal to the peak
deflection. This figure shows residual deflections as much more significant in sand
than in clay. This result isn’t surprising because sand is much less cohesive than clay
and, hence, the more likely to fall into the gap that forms between the pile and the soil.
The larger volume of soil that fills this gap, the larger the residual deflections will be.
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Figure 4.9 Comparison of first and last cycle load versus deflection for sand and
clay in single pile testing.
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The relationship between residual and peak deflections is nearly linear with a
slight concave upward shape. This slight concavity indicates that larger peak
deflections will result in somewhat larger residual deflections, relatively speaking.
The ratio between peak and residual deflections in sand for the first cycle is about 2:1
or a slope of approximately 0.5. The slope in sand for the tenth cycle is slightly higher
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Figure 4.10 Comparison of residual to peak deflections for sand and for clay in
single pile testing.
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at about 0.6. In contrast, the slopes for the first and last cycles in clay are about 0.1
and 0.15, respectively. Because of the cohesive nature of the clay, the pile in sand is
able to relax back closer to its original position relative to the pile in sand.
For both sand and clay, first cycles resulted in smaller residual deflections per
unit peak deflection than did last cycles. This difference results from the effects of the
numerous cycles performed between the first and last loading. During these eight to
thirteen intermediate cycles, additional soil fell into the gap between the pile and the
soil. Because the pile was pushed just as far in the last cycle as the first cycle and due
to the accumulation of material between the first and last cycles, last cycles have
larger residual deflections per unit peak deflection than do first cycles.
One way of quantifying the decrease system resistance with cyclic loading is
by using the definition of pile-soil stiffness K given by the equation

K=

∆F
∆L

(4.1)

where ∆F is the change in force between two sets of data and ∆L is the change in
deflection corresponding to those forces. In this case, ∆F is merely the maximum load
developed against the pile for a given cycle and ∆L is the recorded deflection at the
same time step. These K values have been normalized by the stiffness for the first
cycle, or Ki, to better represent the relative change in stiffness from one cycle to the
next. Figure 4.11 plots these normalized K values against the number of cycles for
most of the target deflections. Data for the 51 mm target deflection has been omitted.
As discussed above and shown in Figure 4.8, deflections for this push were not
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controlled properly. Consequently, soil stiffness results for this push are not
representative of what would otherwise have been determined.
Although some very distinct patterns appear in Figure 4.11, Figure 4.12 shows
the average of these normalized stiffnesses versus number of cycles and depicts the
trends more obviously. Nearly half the loss of stiffness that occurred in all ten cycles
took place during the first cycle. The subsequent nine cycles account for the
remaining 50 percent and the trend through these cycles is essentially linear. The two
pushes that best retained soil-pile system stiffness are those with the highest
loads/deflections, but in general there does not seem to be a relationship between
load/deflection and loss of system stiffness.
Figure 4.13 shows average normalized stiffness for sand compared to that for
the same pile tested in clay (Snyder, 2004). Despite the differences in soil type, the
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Figure 4.11 Comparison of normalized stiffness with cycle number for the single
pile test at various target deflections.
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Figure 4.12 Single pile average normalized stiffness versus cycle number.
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Figure 4.13 Comparison of average normalized stiffness degradation for sand
versus that for clay.
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general shape of the stiffness degradation curves is very similar in each case. The
average normalized stiffness for sand was generally only about three percent higher
than that of clay.
4.5.2

Bending Moment Versus Depth
In designing pile foundations for lateral loads, it is important to know the depth

to which significant bending moments are produced. Therefore, bending moment
versus depth curves were produced from the test results. Bending moments, M, were
calculated from the strain gage data using the equation

M=

EI (ε T − ε C )
∆h

(4.2)

where εT and εC are the strains measured on the tension and compression sides (with
opposite signs) of the pile, respectively; ∆h is the distance between the two gages; E is
the modulus of elasticity of the pile; and I its moment of inertia. Strains used in
Equation 4.2 were those corresponding to the time step at which maximum loads
developed for each target deflection during the first cycle. While strains used in
Equation 4.2 changed for each computation, all other values remained constant for all
piles at the test site. The modulus of elasticity used for all piles was 200 GPa (29,000
ksi) and the moment of inertia, 1.43 x 108 mm4 (344 inches4). The value of ∆h was
simply the outside diameter of the piles, 324 mm (12.75 in).
As mentioned above, some gages were completely inactive and so were not
connected to the data acquisition system. Other gages, although providing a signal,
malfunctioned in ways such that the data collected was obviously incorrect. Such
circumstances required workaround methods. If just one of the two gages at a specific
60

depth malfunctioned, bending moments were calculated by doubling the strain read by
the working gage. This method offers a good solution since the modulus of elasticity
for steel piles is essentially the same in compression and tension.
In some cases, both gages at a specific depth malfunctioned and so bending
moment data could not be directly calculated for those depths. Instead, bending
moment data had to be interpolated based on the readings of the gages directly above
and below the malfunctioning gages. This interpolation was accomplished using a
spreadsheet developed by Gerber (2003) for his dissertation that, given moment data
along the length of a pile, uses a Lagrangian interpolating polynomial to provide
information at desired points. In this way, bending moments shown in Figure 4.14
were either solved for directly, or were plausibly interpolated. Note that interpolated
points were omitted from the graph but were allowed to influence the trend of the plot.
Maximum bending moments in the pile occurred within the top two meters
below ground level and returned essentially back to zero by a depth of five meters
below ground level. The maximum moment developed in the single pile test was
about 325 kN-m (240 kip-ft). This value approached the yield moment of the pile
which was 350 kN-m (258 kip-ft), but is still far enough below yielding that this pile
is still useful for future testing.
Figure 4.15 shows the bending moments at peak loads for the tenth cycle of
each target deflection. Figure 4.16 shows a comparison of moments at peak loads for
the first and tenth cycles at 13 mm (0.5 inches) and 76 mm (3 inches) target
deflections. Maximum bending moments at peak loads were slightly higher for the
first cycle of all pushes compared to those for the tenth cycle. The maximum
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Figure 4.14 Single pile test bending moments versus depth below ground surface
at first cycle peak loads for the indicated target deflections.
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Figure 4.15 Single pile test bending moments versus depth below ground surface
at tenth cycle peak loads for the indicated target deflections.
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Figure 4.16 Comparison of single pile test bending moments versus depth below
ground surface at first and tenth cycle peak loads for the indicated target
deflections.
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bending moment at peak loads for the first cycle with a target deflection of 13 mm (0.5
inches) was 75 kN-m (55 kip-ft) versus 65 kN-m (48 kip-ft) for the tenth cycle of the
same target deflection. Similarly, the maximum bending moment at peak loads for the
first cycle with a target deflection of 76 mm (3 inches) was 310 kN-m (229 kip-ft)
versus 300 kN-m (221 kN-m) for the tenth cycle at the same target deflection.
Because the tenth cycles required less load than the first cycles to reach a target
deflection, bending moments developed in the tenth cycles were lower than those in
the first.
Normalizing bending moments by their associated loads facilitates a better
comparison of maximum bending moments. Figure 4.17 shows normalized bending
moments versus depth for the first and tenth cycles of loading at target deflections of
13 mm (0.5 inches) and 76 mm (3 inches). This figure shows that for each target
deflection, the tenth cycle requires the pile to withstand more moment per load than
the corresponding first cycle. Laterally displacing the pile increases the normalized
moments developed in the pile by forming a separation between the pile and the
surrounding soil and by softening the soil directly adjacent to the pile. For the first
cycle at each target deflection, both the soil and the pile resist lateral loads. However,
as the number of cycles increases and the soil resistance decreases, the soil provides
less resistance to bending. As a result, the pile must resist proportionally more load
relative to the surrounding soil. This results in higher normalized moments as the
number of cycles increases.
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Figure 4.17 Comparison of single pile test normalized bending moments versus
depth below ground surface at first and tenth cycle peak loads for the indicated
target deflections.
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Snyder (2004) reports that maximum bending moments developed at notably
greater depths for larger deflections for the single pile test in clay. This occurrence
does not appear to be true for sand, except perhaps for a slight increase in depth as
possibly interpreted in Figure 4.18. This figure shows maximum bending moments
versus depth in clay and in sand for two target deflections each. In sand and for small
deflections, maximum bending moments occur approximately one meter (or three pile
diameters) below ground level. For large deflections, they occur at about 1.5 meters
(or 4.6 pile diameters) below ground level, an increase in depth of 50 percent. In clay
the increase for the same target deflections was about 100 percent.
This difference is likely due to the sand being stiffer than clay. Because of the
lower strength of the clay, resistance to lateral deflection appears to be distributed to a
greater depth than sand for the same target deflection, resulting in the maximum
bending moment occurring at a greater depth for clay than for sand. This result is
exacerbated by the tendency of sand, once disturbed, to collapse into the gap between
the pile and the soil. This accumulation also tends to concentrate moments directly
above the buildup of sand.
Another significant observation is that the moments developed in the pile in
sand were significantly larger than those developed in clay. Because sand is much
denser and stiffer than clay, it resists pile deflections more than clay does, thus
requiring more force to reach the same deflections. This increased load results in
higher moments developed in the pile for a given deflection.
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Figure 4.18 Comparison of single pile moments in clay and sand at two target
deflections. (Curves for clay from Snyder, 2003.)
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4.5.3

Maximum Moment Versus Load
Figure 4.19 provides plots of maximum moment relative to adjusted peak loads

for both the first and tenth cycles. The maximum moment is the largest moment along
the length of the pile for a given applied load. The concave upward trend of these
plots indicates that the moments grew disproportionally greater at each successive load
increment. This results from the fact that the sand becomes progressively softer with
each cycle and is therefore less able to restrain the bending of the pile with each cycle.
This behavior was especially true of the tenth cycle, illustrated by its moment-load
curve being located above that for the first cycle curve.
Figure 4.20 presents the same maximum moment versus load plot as in Figure
4.19 but with additional data for the pile in clay reported by Snyder (2004). As with
previous figures, Figure 4.20 displays the effect of the softer nature of clay compared
to that of sand. The pile in clay developed greater moments compared to similarly
loaded sands for the same reasons discussed previously.
The single pile test shows that cyclic loading of a pile results in its surrounding
soil losing stiffness and contributing increasingly less to lateral load resistance with
each additional cycle. This loss of stiffness in turn requires the pile to resist more of
the applied lateral load and in turn develops greater bending moments in the pile. It
also shows that laterally loaded piles in softer soils will develop greater maximum
moments per load.
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Figure 4.19 Plot of peak adjusted load and corresponding maximum bending
moment for the first and tenth cycles for the single pile test.
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Figure 4.20 Comparison of moments developed at peak loads for a pile in clay
and a pile in sand.
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CHAPTER 5 - PILE GROUP STATIC LOAD TEST
5.1 INTRODUCTION
A pile group test was performed and compared against the results from the
single pile test described in Chapter 4 to evaluate group interaction effects. The pile
group was oriented in a 3x5 pile configuration with row spacing of 3.92 pile diameters
(3.92D) center-to-center in the direction of loading. This chapter will discuss test
layout, instrumentation, testing procedure, and results for the 15-pile group.
Comparisons will also be drawn between the test results in sand and those for the same
15-pile group test conducted in clay as discussed by Snyder (2004).

5.2 TEST LAYOUT
The test site is located 300 meters directly north of the control tower at Salt
Lake City International Airport. The site is a lot unused by the airport. At one time, it
had dense sandy gravel fill to a depth of about 1.5 to 1.7 m (5 to 5.6 ft) below ground
surface. Soft silts and clays comprised the soil profile below this depth. In the
summer of 2002, lateral load tests were conducted on pile groups at the site to
determine group interaction effects in soft silts and clays. Because the dense surface
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layers would interfere with test results, this sandy gravel fill was excavated prior to
pile driving.
Twenty-six test piles were driven on June 26 and 27, 2002 consisting of two
pile groups with a companion single pile for each. The northern group was comprised
of 9 piles in a 3x3 configuration while the southern group was comprised of 15 piles in
a 3x5 configuration.
Although there were two single piles driven, the single pile used for testing
was the companion pile to the 15-pile group. This pile was driven approximately six
pile diameters due west of the western pile in the third row. The single pile was
placed with the intent that it be close enough to the pile group to have the same
subsurface soil conditions while maintaining sufficient distance to avoid disruption of
the soil profile around the single pile during the 15-pile group test. All piles were
driven using a 70 kN-m hydraulic hammer (model IHC S-70) with a measured energy
transfer per blow between 7 and 27 kN-m (5 and 20 kip-ft). The piles were driven to a
depth of approximately 11.6 m (38 ft) below the excavated ground surface, leaving 2.1
m (7 ft) of piling above the excavated ground surface and about 0.6 m (2 ft) above the
original ground surface.
Data collected during pile driving is shown in Figure 5.1. This figure shows
both the pile driving order and the number of blows per 0.3-m (1-ft) driving increment
for all piles in the 15-pile group as well as its companion single pile. A typical blow
count for soft materials was less than three, while the average was greater than 10 for
denser sand layers. Comparing average number of blows for the pile group to the
number of blows for the single pile shows a fairly good match, although peaks for the
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single pile appear to be slightly higher. This discrepancy probably resulted from
variations in energy delivered to the various piles during driving.
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Figure 5.1 Pile driving order and recorded number of blow counts per 0.3 m (1
ft) driving increment (Snyder, 2004).
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In preparation for the most recent tests, additional cohesive soil was removed
to a depth 0.9 m (3 ft) below the excavated ground surface. This left an excavation
about 2.4 m (8 ft) deep below the original ground surface, which was then backfilled
with washed concrete sand. (Refer to Chapter 3 for details regarding backfill
material.) This excavation extended 6 m in front of the leading row of piles and 3 m
to the sides as to include the shear zones that developed during testing would not reach
beyond the backfilled material.
In addition to the 26 piles, two reinforced concrete shafts (1.22 m [4 ft]
diameter) were also installed 7.92 meters (26 feet) north of the front or northernmost
row of the 15-pile group. These shafts served as the loading point against which the
pile group was reacted. They also provided a comparison of the pile group test results
to those of another deep foundation. Test results from the drilled shafts are not
addressed in this thesis.
The piles were organized into five rows of three piles each. In the direction of
loading, piles were spaced a distance of 3.92 pile diameters or 1.27 m (50 in) on
centers. Perpendicular to loading, piles were spaced 3.29 diameters or 1.07 m (42 in)
on centers.
Figure 5.2 is a plan view of the test site and diagrams the locations of the 15pile group, its companion single pile, and the drilled shafts used as a reaction
foundation.
As with the single pile, all piles conformed to ASTM A252 Grade 3
specifications. Additionally, because the center pile of each row had angle irons
attached to protect strain gages, the properties of these piles were identical to those of
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the single pile in that moments of inertia were 1.43x108 mm4 (344 in4) about the axis
perpendicular to loading. The outside piles of each row had a moment of inertia of
1.16x108 mm4 (279 in4). All piles had a modulus of elasticity of 207 GPa (30,000
ksi).
The layout of the loading system is provided in plan and profile views in
Figure 5.3 and Figure 5.4, respectively. Two 1.34 MN (150 ton) hydraulic jacks
loaded the group against the two drilled shafts. A pump that could develop a
maximum pressure of 69,000 kPa (10,000 psi) powered these jacks. A loading beam
(AISC Shapes W760x284 [metric designation] and W30x191 [English designation])
was placed beside the two drilled shafts. The hydraulic jacks were positioned between
the columns and the beam. Hemispherical swivel heads were placed between each
jack and the beam and between each jack and the corresponding drilled shaft to
prevent eccentric loading.
Although the loading mechanism placed against the drilled shafts was similar
to that of the single pile, if any eccentric loading took place during testing, it was
relatively minor. Loads exerted against the columns are essentially equal to loads
exerted against the group collectively. Eccentric loads would have altered this result.
Eccentricities in single pile loading were the result of large deflections. One reason
the drilled shafts didn’t have the same problem as the single pile is because the
concrete shafts did not deflect as much as the single pile. Single pile deflections
reached as high as 89 mm (3.5 in) while deflections for the drilled shafts were less
than about 40 mm.
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Figure 5.2 Plan view of the test site including locations of the 15-pile group, its
companion single pile, and the drilled shafts (Snyder, 2004).
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Figure 5.3 Plan view of the loading system for the 15-pile group and the drilled
shafts (Snyder, 2004).
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Figure 5.4 Profile of 15-pile test setup as viewed from the east, looking west.

On the other end of the test site, channel sections welded to each pile provided
a connection point between the piles and a load frame. These channel sections were
pin connected through one tie rod each to a steel frame that fit over the top of the 15pile group. The location of the channels on the piles resulted in a load point about
0.48 m (19 in) above the ground level of the test site. Eight Dywidag bars connected
the beam adjacent to the drilled shafts to the frame that surrounded the 15-pile group.
The Dywidags used were #9 threadbars (32 mm [1 ¼ in] diameter) with a yield
strength of 517,000 kN/m2 (75,000 psi). The load path begins on one end in the
drilled shafts, travels through the loading beam, through the Dywidags, through the
load frame, through the load cells, and finally into each pile.
Wheels welded to the bottom of both the load frame (connected to the pile
group) and the load beam (adjacent to the drilled shafts) allowed for lateral translation
of the loading system with minimal frictional resistance. W-shaped beams placed on
the ground with an open channel upward provided runners for the wheels.

5.3 INSTRUMENTATION
Test-site instruments measured the lateral loads exerted against and the lateral
displacement of each pile. They also measured the strains developed along the length
of each pile so that the bending moment profiles could be computed.
The tie rods that connected each pile to the load frame served as loads cells. A
pair of strain gages was attached to each tie rod. Combining strain gage data with
known properties of the tie rod yielded lateral loads felt in each tie rod. Additionally,
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each hydraulic jack had an associated load cell that measured the load exerted through
it to the rest of the system. Theoretically, forces exerted against the two drilled shafts
should equal those exerted against all the piles collectively. While there was never
exact agreement between the two measurements, discrepancies were consistently
minimal (typically less than 2 to 3 percent).
Thirteen string potentiometers (accurate to 0.25 mm [0.01 in]) and two linear
variable differential transformers (LVDTs) (accurate to 0.127 mm [0.005 in])
measured the lateral displacement of each pile head. Two additional string
potentiometers were used for both drilled shafts. A fixed frame separate from and
raised above the loading system provided an independent reference point for the
various measuring devices. Additionally, small aluminum channels with protruding
hooks were glued to each pile or shaft at load point elevations, thus supplying a
connection point between the piles/shafts and the reference frame. LVDTs and string
potentiometers attached between these hooks and the reference frame recorded
deflection data during the test. Figure 5.5 is a picture of instrumentation at the head of
each pile.
For two of the piles, LVDTs replaced the string potentiometers shown in
Figure 5.5. The string potentiometers in general provided better data than did the
LVDTs. This was primarily due to the stiff measuring rods in the LVDTs which
would bend with slight rotations of the pile group and then bind in their pistons.
LVDTs collected pile-head deflection data for two piles: the western pile in the fourth
row and the eastern pile in the second row. This LVDT data was omitted in
calculating average row and group deflections.
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Figure 5.5 Setup for measurement of pile-head deflection and loads.

Strain gages placed along the length of each center pile recorded strain data
versus depth. These gages were electrical resistance type gages produced by Texas
Instrumentation, Inc. (model WFLA-6-120). Gages were enclosed in a water-proof
wafer which was attached with epoxy in the same manner discussed for the single pile.
The gages were placed at nearly equal increments for most of the pile and for longer
increments at deeper elevations. Gage depths are shown in Figure 5.6. Gages were
placed on the north and south sides of the piles (i.e. in the direction of loading) so as to
measure the maximum compressive and tensile strains during the tests. The gages at
depths of 1.52 m and below were attached in August of 2002, while those at higher
depths were attached in July 2004 immediately prior to the tests described in this
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chapter. As a result of the age difference, the shallow gages were considered to be
more reliable than those at lower depths.
The same Optim Megadac data acquisition system device used in the single
pile test was used for the pile group test. The test instrumentation used 160 data
collection channels in total. Load data collection devices required 17 channels (15 for
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Figure 5.6 Strain gage location and depth along the length of the center pile in
each row of the 15-pile group.
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the pile group and two for the columns) as did deflection data collection devices. Pile
strain gages used the remaining 126 channels: 26 each for the first, second, and third
row center piles, 20 for the fourth, and 28 for the fifth. As with the single pile, gages
inactive at the time of testing were not connected to the data collection device. Also
as with the single pile test, data was recorded every 0.5 seconds. As the average push
to each target deflection lasted about 40 minutes, this 0.5 second interval was
sufficiently small to obtain high-resolution data of the loading process. The same
electric generator and UPS unit were used for both the single and pile group tests.

5.4 TEST PROCEDURE
The 15-pile group test was performed on five different days between July 29
and August 10, 2004. Target deflections were selected as 6, 13, 19, 25, 38, 51, 64, and
89 mm (0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and 3.5 in). The system was loaded until the
specific target deflection was reached for a predetermined string potentiometer.
Because all piles deflected slightly different amounts, this string potentiometer was
not necessarily equal to the average deflection of the group as a whole. Consequently,
average group deflections discussed in the following section did not peak at the exact
target deflection they represent.
Once each target deflection was initially reached, the system was held at that
deflection for approximately five minutes while instrumentation readings were
recorded by hand. This data was used to verify properly working devices and
reasonable results. Following these initial runs, nine additional pushes cycled up to
the specific target deflections in the same manner conducted for the single pile test.
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5.5 TEST RESULTS
5.5.1

Introduction
During the first day of testing, cyclic loading was carried out up to the 38 mm

target deflection without incident. However, as the pile group was being loaded to the
51 mm target deflection, the hydraulic jacks rapidly rotated upward causing the
reaction beam to slip out of place and suddenly move up and over the drilled shafts.
Subsequent tests suggested that this occurrence resulted from a minor misalignment of
the load cells on the spherical end-plates, which developed as the deflection levels
increased.
This incident made it necessary to reposition and carefully realign the frame
for subsequent testing. Because testing was conducted over a period of a week and a
half, problems arose in merging the data sets from different days. For example,
performing the complete test in one recording would allow deflection measurements to
be zeroed out by simply subtracting the initial value of a string potentiometer reading
from the subsequent deflection data from that potentiometer. However, when tests are
performed over multiple days, problems can develop if any movement of the system
takes place between recordings. Such movement can result from the relaxation of the
system as the soil behind the piles gradually gives way to the returning pressure of the
pile group. More drastic discrepancies can result from disturbances of the reference
frame (in one case the result of a wind storm that struck between recordings).
Additional problems can obviously arise if the system is inadvertently loaded without
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data being recorded. All three of the above events occurred during testing and resulted
in data collected beyond the first day being difficult to piece together.
Still, much data was salvageable. Results for target deflections of 63 and 68
mm (2.5, 2.7 in) were successfully zeroed out by integrating measurements taken
during instrument checks with data collected during testing. Data so adjusted agreed
with trends developed for lower target deflections and likewise coincided with
computed results (discussed in Chapter 6). While deflection data corrected this way
provided information regarding pile group displacements for higher pushes, strain data
for higher target deflections could not easily be corrected. Consequently, this chapter
includes plots of load versus deflection and load distribution among piles and rows for
target deflections up through 68 mm (2.7 in), but bending moment versus depth curves
are only provided up to the 38 mm (1.5 in) deflection level. In addition, cyclic loads
were not applied for the higher deflections as misalignment of the loading mechanism
often resulted from cyclic loading.
As with Chapter 4, this chapter will draw comparisons between results for the
15-pile group test in sand and those for clay. All data for a 15-pile group in clay is
drawn from Snyder (2004).
5.5.2

Load versus Deflection
Comparing load results for the various devices used gives some measure of the

reliability of the data collected. One important check easily performed compares the
total load for the group to that for the drilled shafts. In general, there was very good
agreement between these two data sets. While the system was loaded, differences
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were between one and three percent. When the load was removed, discrepancies
increased dramatically to around eight percent. This difference is due to residual loads
that sometimes develop in load cells. Instead of returning completely to zero, load
cells will report load (sometimes up to 1000 kN) despite the system being fully
relaxed. Because these residual loads vary dramatically from load cell to load cell,
comparing loads for a relaxed system can be misleading and inaccurate. Comparing
loads reported for a more fully loaded system is more correct. The maximum three
percent difference between the drilled shaft and pile group total loads indicates that the
load cells were working properly and that the load data collected was valid.
A review of the deflection data also indicates that no one side of the pile group
deflected more than the other. Variations in the displacement data from the average
value appear to have been random. For example, the center pile for Rows 1and 2 was
around eight percent higher than the average for each row, respectively. For Rows 4
and 5 on the other hand, the center pile was around eight percent lower than the
average for each row respectively. For Row 3, the center pile was nearly equal to the
average for Row 3. Other piles show similar randomness for each row. These results
indicate that the frame remained essentially rigid and did not rotate. In general, a
review of the data confirms the validity of the deflection and load data collected.
Using string potentiometer and load cell data, plots of load versus deflection
were created. Figure 5.7 shows total group load versus average group deflection for
all cycles of the 15-pile test. The loading up to various target deflections is
immediately apparent as are the residual deflections at the end of each cycle. As
indicated in the single pile chapter, these residual deflections resulted from sand
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Figure 5.7 Total load versus average deflection for the 15-pile group for all
target deflections and cycles.

surrounding each pile collapsing into the gap that formed behind each pile. Partial soil
infilling of this gap prevented full relaxation of the pile group. This plot also shows
that the peak load decreases as the number of cycles increases. The peak total group
load reached during testing (although not presented in this thesis) was 2,225 kN with
an associated average group deflection of about 89 mm. As with the single pile test
discussed in Chapter 4, the strains achieved during testing of the 15-pile group were
below pile yield strains.
Figure 5.8 provides a plot of average pile load versus deflection for the pile
group relative to the single pile test for both first and tenth cycles. In both cases there
is a substantial drop in lateral resistance for piles in the group relative to the single pile
curve. A common method for computing lateral pile group resistance is to use an
efficiency factor. The efficiency factor is simply the ratio of the average lateral load
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Figure 5.8 Comparison of single pile peak loads and associated deflections to
those for the group average at the first and tenth cycles in sand.

carried by a group of piles to the single pile load at the same deflection. Based on the
measured data, in Figure 5.8, the efficiency has been computed as a function of
deflection and the resulting curves are presented in Figure 5.9 through Figure 5.11.
Figure 5.9 shows efficiency by row for the 15-pile group in sand for first cycle
target deflections. Figure 5.10 does the same for tenth cycles. In both figures, the
decrease in efficiency with increased deflection is apparent. Also apparent is which
rows in the pile group carried the highest load (as discussed previously). The 20 mm
tenth cycle efficiency is higher than those for other deflections at the tenth cycle due to
single pile load data being collected at a slightly lower target deflection than was the
15-pile group.
Figure 5.11 plots average first and tenth cycle group efficiency versus
deflection for both clay and sand. In general, the efficiency of the pile group in sand
88

1.3
1.2
1.1

Row 1

Row 2

Row 3
Row 5

Row 4

Efficiency

1
0.9
0.8
0.7
0.6
0.5
0.4
0

10

20

30

40

50

60

70

Deflection (mm)

Figure 5.9 Load efficiency by row for the 15-pile group compared to the single
pile for first cycle target deflections.
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Figure 5.10 Load efficiency by row for the 15-pile group compared to the single
pile for tenth cycle target deflections.
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follows a descending linear trend out to 25 mm (1 in) where the average trend
becomes constant at an efficiency of about 0.6, with first cycle efficiency being the
slightly higher than tenth cycle efficiency. This decrease in efficiency with increased
deflection results from group effects. As the pile group is pushed to greater
deflections, zones of influence begin overlapping, reducing loads required to reach
higher deflections. The efficiency factor suggests that group interaction effects (with
respect to the pile group as a whole) become essentially constant for this pile group at
deflections above 25 mm.
Figure 5.11 also shows the efficiency of the pile group in clay for the first and
fifteenth cycles for comparison. Although the data here seems more erratic, a general
trend is still evident. After a target deflection of 38 mm (1.5 in) is reached, efficiency
stays fairly constant at 0.77 for both the first and fifteenth cycles in the clay. In
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Figure 5.11 Average group load efficiency compared to the single pile for first
and last cycles for both sand and clay.
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general, the efficiency factor in clay is higher than that for sand. This occurrence is
likely due to the wider shear wedges that develop in sand relative to clay owing to the
higher friction angles in sands. The wider the shear wedge that develops for a pile, the
more interference it will have with those of other piles, thus increasing group
interaction effects and decreasing efficiency.
Figure 5.12 presents another interesting comparison between pile groups in
sandy soils versus those in soft silts and clay. Loads developed for the group in sand
exceeded those developed in clay at the same deflections. This behavior results from
sand being much stiffer and denser than clay. As a result, a pile group in sand requires
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Figure 5.12 Comparison of first and last cycle total peak load versus deflection
for sand and clay in pile group testing.
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higher loads to reach the same deflections as those for a pile group in clay. This same
pattern was observed in the single pile test and is discussed in Chapter 4.
Figure 5.13 is a simplified portrayal of the data in Figure 5.7. Figure 5.13
shows total group load versus associated average group deflections for peak loads
reached in the first and tenth cycles of each target deflection. In general, the tenth
cycle reached peak loads that were between 75 and 85 percent of those reached in the
first cycle for a given deflection. As discussed in Chapter 4 for the single pile test, the
curve for the tenth cycle falls below that of the first cycle due to the loss of strength
from remolding associated with cyclic loading. The full loading curve for the tenth
cycle is also provided in Figure 5.13 to indicate that considerably greater reductions in
lateral resistance might be expected at deflections short of the peak value for each
increment.
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Figure 5.13 Total group load versus average group deflection for the first and
tenth cycles and the tenth cycles up to peak loads.
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In accordance with Equation 4.1, pile group stiffness was calculated by
dividing the total peak load by the associated average group deflection for each load
cycle. The stiffness value for each cycle (K) was then normalized by dividing by the
stiffness of the first cycle (Ki). This process was applied for all target deflections
through 38 mm. The resulting data is plotted as Figure 5.14. In general, there is a
relatively consistent trend of reduction in stiffness with increased cycling for all the
increments. In addition, no consistent relationship between stiffness and deflection
was observed. Therefore, normalized stiffness values for all target deflections were
averaged to produce the curve plotted in Figure 5.15. The normalized stiffness values
are also plotted to provide an indication of the spread of data about the mean. A loss
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Figure 5.14 Normalized stiffness of the 15-pile group versus cycle number at
various target deflections.
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Figure 5.15 Average normalized stiffness versus cycle number for the 15-pile
group.

of stiffness of about ten percent took place between cycles one and two. Between
cycles two and ten, the piles-soil system experienced an additional ten percent loss of
stiffness. This pattern is similar to that observed for the single pile normalized
stiffness degradation, as shown in Figure 4.12.
Figure 5.16 compares average normalized stiffness degradation for both the
single pile and the 15-pile group in both sand and clay. In sand, pile group stiffness
was approximately two percent below that of the single pile. In clay, on the other
hand, pile group stiffness was on average nine percent above that of the single pile.
The two trends appear to be diverging somewhat at the fifteenth cycle. In sand, there
is less overall change in stiffness from the single pile test to the 15-pile group test than
in the corresponding tests in clay. Nevertheless, the trend lines for all the tests tend to
fall within a relatively narrow range.
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Figure 5.16 Average normalized stiffness for both the single pile and the 15-pile
group in both sand and clay.

5.5.3

Load Distribution among Piles and Rows
Determining load distributions between rows and load distributions between

piles within rows is essential in understanding group effects. Figure 5.17 and Figure
5.18 show first cycle peak load-deflection curves for each pile within a row as well as
the average curve for that row. For first cycle peak loads, the average difference
between a pile and the average of its row was about nine percent. Row 1 had the
largest scatter of load data with the western pile being about 20 percent lower than the
Row 1 average. Row 2 had the least amount of scatter with the center pile being seven
percent higher than the Row 2 average. These differences are likely due to variations
in soil conditions from pile to pile rather than the result of pile interactions.
95

Row 1
160

West
Center

140

Load (kN)

120

East
Average

100
80
60
40
20
0
0

5

10

15

20

25

30

35

40

45

30

35

40

45

30

35

40

45

Average Group Deflection (mm)

Row 2
160

Load (kN)

140

West

120

Center

100

East
Average

80
60
40
20
0
0

5

10

15

20

25

Average Group Deflection (mm)

Row 3
160
140

West

Load (kN)

120

Center

100

East
Average

80
60
40
20
0
0

5

10

15

20

25

Average Group Deflection (mm)

Figure 5.17 Comparison of first cycle peak loads versus deflection across each
row for Rows 1 through 3.
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Figure 5.18 Comparison of first cycle peak loads versus deflection across each
row for Rows 4 and 5.

Elastic theory suggests that outer piles within a given row will support greater
loads than will the center pile for that row. This tendency has been observed in
previous research for pile groups in sand (Rollins et al., 2005, Ruesta and Townsend,
1997). However, in similar studies in clay, this pattern was not observed (Brown et
al., 1988; Rollins et al., 1998; Rollins et al., 2003a; Rollins et al., 2003b). As
illustrated in Figure 5.17, this pattern was observed for Rows 4 and 5, but not for the
group in general.
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Although load was not found to be a function of position within a row, load
was a function of row position within the group. Figure 5.19 shows plots of the
average load versus deflection curves for each row in the 15 pile group for the first
cycle along with a corresponding curve for the single pile test. As discussed in
Chapter 4, single pile loads have been corrected to account for eccentric load on the
load cell which lead to a to better match to the first row of the pile group. As expected
(based on previous research) the first row of the pile group (Row 1) carried the
greatest percentage of the load exerted against the group (as much as 50 percent higher
than all the other rows). Row 2 carried the next highest load followed by Rows 5, 3
and 4, in turn. Although decrease in resistance from Row 1 to Row 2 was very
significant, the differences in load resistance for Rows 3, 4 and 5 were much less
substantial. These variations could possibly be attributable to small variations in
compaction of the sand around the test piles despite the fact that efforts were made to
be consistent during the compaction process.
For clay, in terms of load carried, Row 1 carried the largest percent of the
group load (as with the test in sand), followed by Rows 2, 4, 5, and 3. In both sands
and clays, the leading row carried the greatest load and the second row exhibited a
significant drop in resistance relative to the first row. The load-deflection curves for
the remaining rows are also somewhat lower than the second row piles; however, there
is significant variation in the relative order of the resistance for these piles.
Nevertheless, the difference in lateral resistance among these rows for a given
deflection is much less than that between the first and second piles. The only trend
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Figure 5.19 Comparison of average first cycle peak load versus deflection curves
for the single pile and for each row within the 15-pile group.

that seems consistent for the trailing rows is that the fifth row does not necessarily
carry the smallest load as might be expected.
5.5.4

Bending Moment versus Depth
The approach used to produce moment versus depth data for the single pile

was also used to produce the moment data for the 15-pile group. Equation 4.2
provided the basis for calculating bending moments. Where one strain gage
malfunctioned at a specific depth, data for the counterpart gage were used to compute
moments. For single pile data, where both gages at a certain depth reported unusable
data, an interpolation method (Gerber, 2003) was used to compute a plausible bending
moment at that depth. For the 15-pile group, however, this was not possible because
data was too sparse to interpolate effectively. Consequently, bending moments for the
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group are shown as data points rather than curves. This approach allows for more data
to be shown (even points that are questionable) and so is more true to raw data. If the
interpolation methods used in single pile data reduction were applied to the 15-pile
group, contorted and misrepresentative moment-depth curves would likely result.
Figure 5.20 through Figure 5.24 show plots of bending moment versus depth
for each row at first cycle peak loads grouped for each deflection increment. These
curves facilitate direct comparisons between moments in each row at the same
deflection. To increase readability of the plots, clearly erroneous values have been
eliminated. Erroneous data was most prevalent for fifth row moments at depths where
maximum moments are expected to occur. Higher strains in general appeared to cause
gages to malfunction, thus resulting in more data points being eliminated for higher
target deflections. For brevity, similar plots for tenth cycle moments are not shown,
but will be displayed later in direct comparison to first cycle moments.
For comparison purposes, plots in Figure 5.20 through Figure 5.24 also have
the single pile moment versus depth curves at the same target deflections.
Comparison accuracy is dependent on how closely target deflections for the single pile
test matched those for the 15-pile group. In general, single pile target deflections were
within five percent of those for the 15-pile group.
Despite the somewhat sporadic nature of the moment data, trends are still
evident and tentative comparisons may appropriately be made. As expected,
maximum single pile moments on average appeared slightly higher than those for the
first row in the 15-pile group. Row 1 seemed to develop the largest moments of all
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Figure 5.20 First cycle bending moments versus depth for the 6 mm target deflection.
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Figure 5.21 First cycle bending moments versus depth for the 13 mm target deflection.
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Figure 5.22 First cycle bending moments versus depth for the 19 mm target deflection.
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Figure 5.23 First cycle bending moments versus depth for the 25 mm target deflection.
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Figure 5.24 First cycle bending moments versus depth for the 38 mm target deflection.

Row 5
Row 4

200

rows in the 15-pile group. Row 5 appears to have developed the next largest moments
although this is difficult to establish because data is missing for Row 5 at depths where
maximum moments appear to have developed. Visual interpolation suggests that Row
5 developed larger moments than did Rows 2 or 3 (particularly at larger deflections).
Rows 2 and 3 in general appear to have developed similar maximum moments. For all
deflection levels, Row 4 appears to have developed the smallest moments of all rows
in the 15-pile group.
The above pattern resembles that noted for the pile group in clay. Snyder
reports that fifth row moments were as large as moments developed in the second row.
He also points out that this must be due to group effects since loads for the fifth row
were lower than those carried by the second row—that group effects resulted in
reduced soil resistance for the fifth row, thus causing larger moments to develop in
Row 5. This same reasoning seems applicable to the test in sand as all conditions
appear similar.
The point of moment reversal (the depth at which moments change signs by
passing through zero) represents a significant location in the design of concrete piles
and drilled shafts. Economically, it is beneficial to eliminate or reduce reinforcement
at depths for which moments become small. While this point of reversal is well
defined for tests in clay, this point is more ambiguous for this test in sand. This result
is likely independent of soil profile. Because strain gages were newer at the time of
testing in clay, better data was collected for clay and this portion of the moment curve
is better defined.

106

Although this point of moment reversal cannot be definitively assessed for the
test in sand, some common trends are evident. In general, the point of moment
reversal appears more dependent on pile location within a group than on the
magnitude of moments developed in (or deflections reached by) that pile. For
example, for all target deflections, the point of moment reversal for the single pile
(and for Row 1, though less distinctly) appears to be around 4 m (13 ft) or 12 pile
diameters. On the other hand, the point of moment reversal for Row 5 appears to be
deeper than that of the single pile or Row 1. Moment reversals for Row 5 developed
at around 5 m (16.5 ft) or 15.5 pile diameters regardless of maximum moments
reached. Row 2 appears to have the same point of moment reversal as Row 1 and the
single pile. Rows 3 and 4, however, are much more ambiguous. These rows appear to
be a transition between Row 2 and Row 5.
These generalizations lead to another interesting trend. Although trailing rows
don’t necessarily develop as large moments as leading rows do (this is difficult to
establish), trailing rows do appear to have larger moments at deeper depths than do
leading rows. Moments appear to be spread deeper along the length of the piles for
trailing rows while in leading rows, moments appear more concentrated at higher
elevations. The point of transition appears to be between Rows 2 and 3.
Comparisons between Figure 5.20 through Figure 5.24 show trends that
develop with increasing deflection. One trend immediately apparent is the increase in
moment with each higher target deflection. This trend is expected since reaching each
higher target deflection requires increased loads. Increased loads in turn produce
larger moments.
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As discussed by Snyder (2004), maximum moments in clays developed at
progressively greater depths with larger target deflections for both the single pile test
and the 15-pile group test. This pattern was noted for the single pile test in sand, but is
difficult to confirm or refute for the 15-pile group test in sand.
Another point of examination in this study is the influence of cyclic loads on
pile groups. Figure 5.25 through Figure 5.29 show first cycle moment-depth curves
against those for tenth cycles at 6, 19, and 38 mm target deflections by row. On
average, maximum moments achieved during first cycle loadings were 17 percent
higher than those reached during respective tenth cycles. To a lesser degree, this same
pattern was also observed in clay and is likely due simply to the increased load
associated with initial cycles relative to later ones. No pattern appears to develop with
increasing deflections, nor is one identifiable from row to row other than that already
manifest for first cycles.
Figure 5.30 and Figure 5.31 show plots of 38 mm target deflection moments at
peak loads versus depth for first cycles in both sand and clay. One interesting
comparison apparent in these figures is the magnitude of moments developed in the
pile group in sand versus those in clay. In general, the pile group in sand developed
larger bending moments than did the group in clay, though this relationship is difficult
to quantify due to the lack of quality moment data. For example, Row 2 moments for
sand (for depths below maximum moments) appear to be smaller than corresponding
moments in clay. This pattern is reversed, however, for Row 5. Higher maximum
moments would be expected for sand than for clay at the same deflection level
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Figure 5.25 Row 1 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections.
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Figure 5.26 Row 2 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections.
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Figure 5.27 Row 3 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections.
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Figure 5.28 Row 4 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections.
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Figure 5.29 Row 5 first and tenth cycle bending moments versus depth at 6, 19, and 38 mm target deflections.
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Figure 5.30 First cycle bending moments versus depth for Rows 1 through 3 at the 38 mm target deflection for both
sand and clay.
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Figure 5.31 First cycle bending moments versus depth for Rows 4 and 5 at the 38
mm target deflection for both sand and clay.

because greater loads are necessary to achieve the same deflection in sand relative to
clay. In general, this assumption seems true of the data shown in these figures.
Snyder (2004) reports (and Figure 5.30 and Figure 5.31 indicate) that
maximum bending moments occurred at greater depths for larger target deflections.
Patterns regarding depth to maximum moment cannot be accurately determined for the
pile group in sand.

115

Normalizing moments by associated peak loads provides another interesting
comparison. Figure 5.32 through Figure 5.36 show 15-pile group moments
normalized by the associated peak loads. Although it’s clear from these figures that
tenth cycle normalized moments are higher than associated first cycle normalized
moments, the scatter of the data makes generalizing a trend difficult. Certain gages
appear to have collected better data than others. Some of these gages include a few
from Row 5 at around 4 m depth and a couple from Row 2 at 2.5 m depth. Using data
from these gages, tenth cycle normalized moments are about 20 percent higher than
associated first cycle normalized moments.
For clay, Snyder reports that higher target deflections resulted in larger
differences between the first and last cycles. This pattern was not necessarily
observed in sand. Average increases between first and tenth cycles for the gages
mentioned above appear to be independent of deflection level. In fact, these increases
appear random rather than resulting from any mutual factor. For example, increases in
normalized moment from first to tenth cycles for the 13 mm target deflection average
around 26 percent while for the 25 mm target deflection are lower at 19 percent.
Tenth cycle normalized bending moments being larger than those for the first
cycle represents a significant principle: cyclic loading reduces soil resistance. Thus,
additional cycles at equal loads produce increasingly larger bending moments.
Ignoring the load history of a pile group can, therefore, result in a misrepresentation of
lateral loads a pile group will support.
Snyder also observed that the relative difference between first and tenth cycles
was substantially higher (particularly at high target deflections) for the first row
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Figure 5.32 Row 1 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes.
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Figure 5.33 Row 2 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes.
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Figure 5.34 Row 3 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes.
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Figure 5.35 Row 4 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes.
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Figure 5.36 Row 5 first and tenth cycle normalized bending moment versus depth for 6, 19, and 38 mm pushes.

1.5

compared to the other four rows. This trend cannot be confirmed or refuted for testing
in sand, primarily because no definite trends appear to develop for Row 1 normalized
moments in sand.
Figure 5.30 and Figure 5.31 suggest that, in general, bending moments
developed in sand were higher than comparable bending moments in clay. Figure 5.37
and Figure 5.38 display first and last cycle normalized bending moments versus depth
for the 38 mm target deflection in both sand and clay. Despite bending moments
appearing larger in sand than in clay, normalized bending moments are nearly equal
for all rows. This outcome results from the nearly linear relationship between moment
and load; that is, additional load causes a nearly linear increase in moment. This
essentially linear relationship appears to be independent of soil conditions as the ratio
of bending moment to load is approximately equal for both sand and clay.
5.5.5

Maximum Bending Moment versus Load
While Snyder was able to plot maximum moments and peak loads versus

associated loads, this was not done for the test in sand. Insufficient moment data is
available to accurately assess moment trends with load.
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Figure 5.37 First and tenth cycle normalized bending moment versus depth for Rows 1 through 3 for the 38 mm
push in both sand and clay.
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Figure 5.38 First and tenth cycle normalized bending moment versus depth for
Rows 1 through 3 for the 38 mm push in both sand and clay.
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CHAPTER 6 - COMPUTER ANALYSIS OF TEST
RESULTS
6.1 INTRODUCTION
To determine p-multipliers for the 15-pile group, both the single pile and 15pile group tests were modeled using computer programs. The computer programs
selected use the finite-difference method and model soil resistance as non-linear
springs. In past studies by Rollins et al. (1998, 2003a, and 2003b), these computer
programs have proven to be an effective method of modeling lateral pile behavior. Pmultipliers were back calculated by inputting measured loads for the 15-pile group,
and then altering p-multipliers until computed deflections matched measured
deflections.

6.2 COMPUTER ANALYSIS OF SINGLE PILE TEST
6.2.1

LPILE Plus Version 4.0 (Reese et al., 2000)
The computer program LPILE Plus version 4.0 (Reese et al., 2000) was used to

model the single pile test. This program is frequently used in industry and academia
to predict the behavior of laterally loaded piles and drilled shafts.
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LPILE models a pile as a Winkler beam/spring foundation system. It uses the
finite difference method to calculate the deflection, moment, and shear of a modeled
pile. The stiffness of the pile can be modeled as either linear or non-linear and is a
function of the modulus of elasticity (E) and moment of inertia (I) of the pile. Because
the pipe piles were made of steel and the strain levels did not exceed the yield
strength, the pile was modeled as a linearly elastic material with constant properties.
Lateral soil stiffness is represented in LPILE as nonlinear springs attached to
nodes along the length of the pile. A user constructs a soil profile in LPILE by
selecting appropriate soil types in the computer model that best represent actual soil
conditions. Associated with each of these soil types is a non-linear p-y curve, or a
non-linear relationship between lateral deflection and lateral soil resistance. These p-y
curves are based on empirical results collected by a variety of researchers. LPILE uses
the properties of the pile in conjunction with the properties of the layered soil profile
to arrive at a working computer model which can analyze this soil-structure interaction
problem.
6.2.2

Single Pile Properties
Modeling the single pile test in LPILE required inputting basic properties and

dimensions of the single pile. The single pile was 16.6 m (44.6 ft) from load point to
toe. This length was divided by LPILE into 100 equal increments of 0.166 m (0.545
ft) each. The pile was driven vertically into level ground. Consequently, the pile has
no batter angle or slope associated with it.
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The cross section of the pile was a circular pipe with an outer dimension of
0.324 m (12.75 in), and a wall thickness of 0.0095 m (0.375 in). Additionally, two
angle irons were attached on opposite sides of the pile. The addition of the angle irons
resulted in a cross-sectional area of 0.010 m2 (15.7 in2) and a combined moment of
inertia of 1.43 x 108 mm4 (344 in4).
6.2.3

Soil Properties
The soil profile constructed in LPILE was a composite of data discussed in

Chapter 3 and data used for previous LPILE tests. Because this test site had been used
previously for testing in clay (Snyder, 2004), the soil profile input into LPILE was a
modification of that used by Snyder. The profile used in clay was altered by
eliminating the top 0.91 m (3 ft) of clay which had been excavated and adding a top
sandy layer 2.44 m (8 ft) deep. Hence, the top 2.44 m (8 ft) was sand backfill,
followed by a soft clay layer approximately 2.13 m (7 ft) thick. Below this clay layer
was another sand layer 1.75 m (5.75 ft) thick. Below this stretched still another soft
clay layer 1.68 m (5.5 ft) thick, followed by a sand layer that extended to a depth of
19.3 m (63.4 ft) below the ground surface. The soil profile together with model
parameters is shown in Table 6.1.
Comparing Figure 3.10 to Table 6.1 shows slight discrepancies between the
two profiles. Table 6.1 shows soil models researchers have determined that idealize
the soil types listed in Figure 3.10. For example, the fourth layer in the soil profile
shown in Figure 3.10 is classified as sandy silt (ML) according to the USCS. This
layer is best modeled as a submerged soft clay in LPILE. This discrepancy in soil type
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Table 6.1 Input parameters used to model the first cycle of the single pile test in
LPILE.
Distance from
ground
surface to Top
of Layer (m)

Friction
Angle
(Degrees)

Effective
Unit
Weight, γ'
(kN/m3)

Subgrade
Modulus
(k)
(kN/m3)

Su
(kN/m2)

ε50

API Sand

0.0

40

16.7

7.5E+04

--

--

API Sand - Submerged

2.1

40

6.8

4.2E+04

--

--

Soft Clay - Submerged

2.4

--

9.1

2.7E+04

41

0.010

Soft Clay - Submerged

2.7

--

9.1

1.4E+05

50

0.010

Soft Clay - Submerged

3.7

--

9.1

2.7E+04

40

0.010

Sand - Submerged

4.6

38

8.1

2.6E+04

--

--

Soft Clay - Submerged

6.3

--

9.1

1.4E+05

57

0.010

Sand - Submerged

8.0

33

6.7

1.5E+04

--

--

Soil Model

names compared to soil model names accounts for the primary differences between
the two profiles. The other important difference is soil type for layers greater than
eight meters below ground surface. Figure 3.10 shows that numerous layers exist
below eight meters while Table 6.1 shows these strata modeled as a single layer. This
simplification was necessary due to limitations of LPILE 4.0. This software allows a
soil profile to be comprised of only ten or fewer layers. While a more exact soil
profile may lead to more precise results, a sensitivity study showed LPILE to be fairly
independent of modifications to layers more than ten pile diameters (3.2 m in this
case) below the ground surface.
The p-y curves used in LPILE to model soft clays were developed by Matlock
(1970). This model required additional inputs of shear strength (Su) as well as ε50
which is the strain at which 50 percent of the undrained shear strength is mobilized.
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Reese et al. (1974) developed the p-y curves used by LPILE to model sand layers
while O’Neill and Murchison (1983) developed those for API sand. These methods
required additional inputs of friction angle (φ) and modulus of subgrade reaction (k).
Reese et al. (2000) provided correlations relating k-values to friction angle for sand.
All layers also required an estimate of the effective unit weight (γ’).
Matching computed results to measured results for the single pile test required
iterations during which the above soil properties were altered. The soil profile and
properties below the compacted sand backfill were left exactly the same as those used
for the analyses by Snyder (2003). Alterations primarily involved adjusting the
friction angle and k-value of the sand backfill in the soil profile. These properties
proved to have the most effect on the computed results. Although the relative density
of the backfill sand was only about 50 percent, the back-calculated friction angle was
40º. Although this value is much higher than would typically be used in consulting
practice or recommendations for API, this value appears to be consistent with other

LPILE studies involving sands at 50 percent relative density (Brown et al, 1987,
Rollins et al, 2005). These results suggest that improved correlations between friction
angle and relative density are necessary for lateral load analyses in piles.
The soil profile and properties in Table 6.1 resulted in a fairly good agreement
for the first cycles of the test. Matching the tenth cycle required softening the soil
profile, which was accomplished by reducing the friction angle of the top layer from
40o to 34o.
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6.2.4

Computer Analysis Results of Single Pile Test
Figure 6.2 presents plots of peak load versus deflection for the first cycle of the

single pile test alongside those calculated using LPILE. Figure 6.3 provides similar
comparison plots for the tenth cycle of the single pile test. Both figures show a very
good match. Although the data sets aren’t perfectly congruent, the resemblance is
suitable for the purposes of the subsequent analyses.
Another way to compare measured and computed results is to construct
bending moment-depth curves as shown in Figure 6.1. This plot draws comparisons
between LPILE computed data and measured results for three target deflections. In
general, LPILE computed maximum bending moments were between 15 and 25
percent larger than measured results. Additionally, depths to maximum moments
determined by LPILE were anywhere from 20 to 50 percent deeper compared to
measured results. In general, this discrepancy increased with higher target deflections.
A final method of comparison is to construct moment-load plots as shown in
Figure 6.4 and Figure 6.5 for the first and tenth cycles, respectively. In these figures,
the discrepancy between calculated and measured results is more significant than in
the previous two figures. This result is somewhat expected, however. Snyder reports
that although measured and calculated results match well for load-deflection curves,
moment-load curves are separated by about a ten percent difference, with measured
results plotting below calculated results. The problem is such that both graphs are
difficult to match perfectly with the same data set. For example, altering the soil
profile sufficiently to improve the match for the moment-load curves leads to poorer
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Figure 6.1 First cycle bending moment versus depth – LPILE calculated against measured results for various target
deflections.
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Figure 6.2 Comparison of LPILE calculated load versus deflection curves against
those measured for the first cycle of the single pile test.
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Figure 6.3 Comparison of LPILE calculated load versus deflection curves against
those measured for the tenth cycle of the single pile test.
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Figure 6.4 Comparison of LPILE calculated moment versus load curves against
those measured for the first cycle of the single pile test.
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Figure 6.5 Comparison of LPILE calculated moment versus load curves against
those measured for the tenth cycle of the single pile test.
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agreement between the measured and computed load-deflection curves and visa-versa.
Despite this difficulty, it is believed that sufficiently accurate results were obtained in
this study.

6.3 COMPUTER ANALYSIS OF PILE GROUP TEST
6.3.1

GROUP Version 4.0 (Reese and Wang, 1996)
Although LPILE was used to model the single pile test, GROUP version 4.0

(Reese and Wang, 1996) was used to model the 15-pile group test. Calculations
performed in GROUP are essentially identical to those in LPILE with the addition of

p-multipliers. GROUP scales p-y curves using p-multipliers thus accounting for
softening that results from group interaction effects. GROUP can generate pmultipliers automatically but also allows for specification of p-multipliers by the user.
Default settings within GROUP set p-multipliers to one, thus ignoring group effects.
Because GROUP and LPILE share the same computational methodology, the
soil profile constructed to model the single pile test in LPILE can likewise be used to
model the 15-pile group test in GROUP. The soil profile can be kept constant pmultipliers can be back-calculated so by matching the measured load-deflection curves
for each row with the curves computed using GROUP. Use of this soil profile also
depends on how similar actual site conditions are between the single pile site and the
15-pile group site. As was discussed in Chapter 3, these two tests were set up directly
adjacent to each other, resulting in a soil profile fairly common to both test sites.
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6.3.2

Input Parameters for GROUP

GROUP requires all the same soil properties and pile properties that LPILE
does. Because pile groups have the potential of rocking or tipping as a system, the
lead piles can develop compressive axial forces resisted by the end-bearing pressure
and sleeve friction on the piles. Similarly, the last row of piles can develop tensile
axial forces. To account for this behavior, GROUP requires these properties as
additional inputs.
For sand, sleeve friction values (in tsf) were estimated using the empirical
equation

Sleeve Friction (tsf ) =

N
50

(6.1)

where N is the standard penetration test blow count. N values were selected based on
the relative density of the layer. Sleeve friction in the clays was assumed to equal the
undrained shear strength. Additionally in sand, tip resistance (in tsf) was taken as four
times N, while for clays tip resistance was taken as nine times the undrained shear
strength. Sensitivity studies found that the computer results were relatively insensitive
to the values for side friction and end-bearing for this problem.
Only the center piles in each row of the 15-pile group had angle irons attached
as did the single pile. These center piles had moments of inertia of 1.43 x 108 mm4
(344 in4) and cross sectional areas of 9.4 x 10-3 m2 (14.6 in2). The other 10 piles had
moments of inertia of 1.16 x 108 mm4 (279 in4) and cross sectional areas of 1.01 x 10-2
m2 (15.7 in2). Additionally, longitudinal row spacing was set to 1.27 m (4.17 ft) on
centers. Along with pile and soil properties, GROUP also needed load data. Based on
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the input parameters for pile properties and soil resistance characteristics along with pmultipliers, GROUP computes shear, deflection, and moment data. Input parameters
for GROUP are listed in Table 6.2.
6.3.3

Back-Calculation of P-multipliers
Before p-multipliers could be calculated, the validity of the calculations

performed in GROUP had to be verified. This check was accomplished by comparing

LPILE results for the single pile to results calculated by GROUP. The loads returned
by LPILE for a specific target deflection were multiplied by 15 and input into

GROUP. In GROUP, a hypothetical 15-pile group was constructed, the piles of which
had properties identical to the single pile. Additionally, all group effects for this
imaginary pile group were neglected. Inputting 15 times the LPILE load returned
deflections from GROUP that could be compared to the target deflections specified in

LPILE. Comparing the load-deflection curve for the single pile LPILE model and that
produced by GROUP showed a match within one percent. In previous studies
(Snyder, 2004), the number of increments used by GROUP needed adjusting to match

LPILE and GROUP results. This was unnecessary for this test in sand.
An additional step was needed before GROUP could be used to solve for pmultipliers. LPILE has an option that allows a user to input a p-multiplier. It uses this

p-multiplier to scale down the soil resistance relative to that experienced with a single
pile. Inputting various p-multipliers created an array of load-deflection curves (each
one specific to a certain p-multiplier) that was then plotted against measured results
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Table 6.2 Group input parameters used to model the first cycle of the 15-pile group test in GROUP.
Distance from
ground surface
to Top of Layer
(m)

Friction
Angle
(Degrees)

Effective
Unit
Weight, γ'
(kN/m3)

Subgrade
Modulus
(k)
(kN/m3)

Max
Side
Friction
(kN/m2)

Max Tip
Resistance
(kN/m2)

Su
(kN/m2)

ε50

API Sand

0.0

40

16.7

7.5E+04

38

7660

--

--

API Sand - Submerged

2.1

40

6.8

4.2E+04

38

7660

--

--

Soft Clay - Submerged

2.4

--

9.1

2.7E+04

41

372

41

0.010

Soft Clay - Submerged

2.7

--

9.1

1.4E+05

50

450

50

0.010

Soft Clay - Submerged

3.7

--

9.1

2.7E+04

40

360

40

0.010

Sand - Submerged

4.6

38

8.1

2.6E+04

29

5743

--

--

Soft Clay - Submerged

6.3

--

9.1

1.4E+05

57

512

57

0.010

Sand - Submerged

8.0

33

6.7

1.5E+04

23

4599

--

--

Soil Model
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for each row of the 15-pile group. Matching each row to a p-multiplier curve provided
a preliminary p-multiplier that could be used as an initial value in GROUP.
Following these preliminary steps, total measured 15-pile group loads were
input into GROUP along with the initial p-multipliers to obtain load deflection data for
each row. P-multipliers were then altered iteratively until measured load-deflection
curves for each row matched corresponding load-deflection curves produced using

GROUP. Table 6.3 presents p-multipliers back-calculated for this study. Figure 6.6
shows the final match for the 15-pile group first cycle as a whole. Figure 6.7 and
Figure 6.8 show the breakdowns for each row individually for the first cycles of each
target deflection. On most of the plots, measured results best match GROUP
calculations for deflections below about 40 mm. Beyond this deflection, measured
curves for most rows, and for the group as a whole, rise above GROUP calculated
results by anywhere from five percent (for the group) to 20 percent (for Row 3). This
result is similar to what was observed when determining p-multipliers in clay. Snyder

Table 6.3 P-multiplier summary for a 3x5 pile group in sand (this
study).
P-multiplier
Row
Row 1
Row 2
Row 3
Row 4
Row 5

Cycle 1
1
0.5
0.35
0.3
0.4
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Cycle 10
1
0.6
0.4
0.37
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Figure 6.6 Comparison of the measured first cycle load-deflection curve for the
15-pile group against that found using back-calculated p-multipliers.

reports that additional p-multipliers had to be determined for deflections beyond 38
mm. For this study, secondary p-multipliers were not determined since relatively little
data exists for deflections beyond 38 mm.
The same back-calculation process was used to determine p-multipliers for the
tenth cycle of loading as described previously for the first cycle. However, for the
tenth cycle, the friction angle (φ) of the sand backfill was reduced from 40º to 34º.
Tenth cycle results are more limited than those for the first cycle as information is
available only up to the 38 mm target deflection. These tenth cycle results are shown
as Figure 6.9 for the group as a whole. Figure 6.10 and Figure 6.11 provide
comparison plots of measured and computed load-deflection curves by row. Most of
the measured row results agree with GROUP calculated results for the entirety of the
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Figure 6.7 Comparison of measured first cycle load-deflection curves against
those found using back-calculated p-multipliers for Rows 1 to 3 of the 15-pile
group.
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Figure 6.8 Comparison of measured first cycle load-deflection curves against
those found using back-calculated p-multipliers for Rows 4 and 5 of the 15-pile
group.

test, however, Rows 1 and 5 show some separation of these two plots at around 28 mm
of deflection. These rows influence the group plots in Figure 6.9 to also separate at
this deflection. Had the test been run to higher target deflections, greater separation of
plots would likely exist. This suggests that the p-multipliers for the first cycle of
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Figure 6.9 Comparison of the measured tenth cycle load-deflection curve for the
15-pile group against that found using back-calculated p-multipliers.
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Figure 6.10 Comparison of measured tenth cycle load-deflection curves against
those found using back-calculated p-multipliers for Rows 1 and 2 of the 15-pile
group.
142

Row 3

160

Load (kN)

140
120

Measured Results

100

GROUP Calculations

80
60
40
20
0
0

10

20

30

40

50

40

50

40

50

Deflection (mm)
Row 4

160

Load (kN)

140
120

Measured Results

100

GROUP Calculations

80
60
40
20
0
0

10

20

30

Deflection (mm)
Row 5

Load (kN)

160
140
120

Measured Results

100

GROUP Calculations

80
60
40
20
0
0

10

20

30

Deflection (mm)

Figure 6.11 Comparison of measured tenth cycle load-deflection curves against
those found using back-calculated p-multipliers for Rows 3 to 5 of the 15-pile
group.
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loading are more robust and applicable over a range of deflection values than those for
the tenth cycle.
6.3.4

Bending Moments
The accuracy of GROUP calculations was also assessed by comparing

calculated moment-depth curves to those measured during testing. These comparisons
are provided as Figure 6.12 through Figure 6.16. In general, GROUP seemed at least
somewhat effective at indicating the depths at which maximum moments would occur.
This is difficult to establish, as some data at maximum bending moments are missing,
but trends above and below where maximum moments are expected to occur suggest
that GROUP is fairly accurate at predicting depths to maximum moments.
In general, GROUP was also effective at predicting depths at which moments
returned to zero. Measured results available (Row 5 seems especially good below
about three meters) match GROUP results fairly closely. This was also the case in the
single pile test (for which there was better information) as compared to LPILE results.
This trend is different than that observed in clay, for which measured moments
returned to zero at lower depths than those calculated by GROUP (Snyder, 2004).

6.4 SUMMARY OF COMPUTER ANALYSES
A working soil profile was obtained by modeling the single pile test in LPILE.
This soil profile was then used in GROUP to obtain p-multipliers for each row of the
15-pile group with fairly good results. These p-multipliers for first cycle loadings
were 1.0, 0.5, 0.35, 0.3, and 0.4 for Rows 1 through 5, respectively. Back-calculated
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Figure 6.12 Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 1.
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Figure 6.13 Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 2.
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Figure 6.14 Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 3.
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Figure 6.15 Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 4.
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Figure 6.16 Plots of first cycle bending moment versus depth – GROUP calculated against measured results for Row 5.

p-multipliers determined for tenth cycle loadings were slightly higher with values of
1.0, 0.6, 0.4, 0.37, and 0.4 for Rows 1 through 5, respectively.
This increase in p-multipliers between the first and tenth cycles is likely due to
the tendency for dense material to develop relatively large shear zones. Figure 6.17
and Figure 6.18 show the geometry of shear zones that develop behind laterally loaded
piles. The size of a zone of influence is dependent on φ. When φ is large, as for dense
material, the angle labeled θ in Figure 6.17 becomes small while the angle labeled α in
Figure 6.18 becomes large each resulting in deeper and wider zones of influence,
respectively. For softer soils, shear zones are smaller resulting in fewer interactions
between shear zones and consequently, higher p-multipliers. Because the soil strength
decreases somewhat for the tenth cycle of loading, a small increase in the p-multiplier
value might be anticipated.

Applied Load
Ground Level
Zone of Influence

θ

φ

θθ== 45
45 −- φ/2
2
(Rankine Assumption)
Figure 6.17 Geometry of zones of influence that develop behind laterally loaded
piles (profile view).
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Figure 6.18 Geometry of zones of influence that develop behind laterally loaded
piles (plan view).

Although this test doesn’t conclusively indicate that additional p-multipliers
are required for higher deflections, the general trend from the above figures suggests
this approach is appropriate. Secondary p-multipliers were found to be necessary by
Snyder (2004) and Johnson (2003) for lateral load testing in clay, underscoring the
importance of considering deflections in determining group effects.
Figure 6.19 shows p-multipliers obtained in this study together with those
developed from other full-scale testing and commonly used design curves for all soil
types. The p-multiplier obtained for Row 1 is unexpectedly high, while those for
Rows 3, 4, and 5 are quite low. It’s possible that these trailing row multipliers are
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Figure 6.19 P-multipliers obtained in this study compared to others from fullscale testing together with commonly used design curves.
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unexpectedly low due to variations in compaction. These results require that the
backfilled soil inside the group be less dense than that outside the group. Although
this is possible, it is unlikely as particular attention was paid during backfilling to
ensure soil immediately around each pile was well compacted. Additionally, nuclear
density gauge testing outside the pile groups shows similar degrees of compaction as
testing performed within the groups. The p-multiplier for Row 2 is about what was
expected.
Figure 6.20 compares p-multipliers obtained from this study to those from
previous testing is sand, whether full-scale or centrifuge. It also shows design curves
suggested by Rollins et al. (2005) for sand. Note that the Rollins et al. design curve
for Figure 6.20c applies only for the third row, not rows three through five. Based off
these two figures, it appears that the design curves proposed by Reese and Wang
(1996) are appropriate as an upper bound for first row results while AASHTO (2000)
seems to be a good lower bound for design of Rows 3 and greater. Actual Row 2
multipliers seem to fall right between the two design curves.
The Row 1 p-multiplier arrived at in this test is higher than that proposed by
Rollins et al. (2005). Row 2 is somewhat lower while Row 3 is lower still. Even so,
design curves proposed by Rollins et al. (2005) are a fair match of results obtained in
this test. In general, these design curves appear to be good matches for general trends,
although design curves for rows beyond Row 2 should be lowered. Best-fitting data in
Figure 6.20c produces a design curve nearly overlapping that suggested by AASHTO
(2000). It seems that curves proposed by Rollins et al. (2005) are valid for Rows 1
and 2 while AASHTO design curves appear more accurate for subsequent rows.
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Figure 6.20 P-multipliers obtained in this study compared to others from testing
in sand together with commonly used design curves.
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CHAPTER 7 - SUMMARY AND CONCLUSIONS
7.1 TEST OVERVIEW
In July and August of 2004, lateral load tests were conducted on a 3x5 pile
group consisting of 324 mm (12.75 in) diameter piles spaced at 3.92 pile diameters.
The test site was located north of the Salt Lake City International Airport control
tower. Although the original subsurface profile at the site consisted of gravel fill with
layers of cohesive soil, materials to a depth of 2.44 m (8 ft) were excavated and
replaced with washed concrete sand. The pile group was pushed statically to eight
target deflections by two hydraulic jacks that reacted against two nearby drilled shafts.
Ten loading cycles were applied for each target deflection. Piles were instrumented to
collect lateral load and deflection at all pile heads, and strain along pile lengths of
center piles. A single pile was similarly tested for comparison with the pile group
response so that group effects could be identified.
Although data was recorded for all eight target deflections, only data up
through the 68 mm (2.65 in) push was usable. Analysis primarily consisted of loaddeflection, moment-load, and moment-depth plots. Additional analyses included
examinations of soil stiffness degradation with cyclic loading, load distribution within
rows, normalized bending moment versus depth, decrease in efficiency with increased
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deflection, and permanent deflection trends with each cycle. Comparisons were drawn
between first and tenth cycle data for most of these investigations. Additionally,
comparisons were made between these test results for sand and that collected by
Snyder (2004) for the same pile group in clay.
In addition to the above analyses, both the single pile and the 15-pile group
were modeled with the finite difference computer programs LPILE (Reese et al., 2000)
and GROUP (Reese and Wang, 1996), respectively. Measured results for the single
pile data were compared to results computed by LPILE. Iteratively altering the soil
property inputs produced an idealized soil profile that best matched measured and
computed responses for the single pile. The 15-pile group was then modeled in

GROUP using this idealized profile. The p-multipliers were iteratively adjusted to
obtain agreement between measured and computed load-deflection curves. Pmultipliers were thus obtained for each row of the 15-pile group.

7.2 CONCLUSIONS
7.2.1

Loads
1.

For the single pile test, tenth cycle loads were approximately 75 to 85
percent of those for first cycles at the same deflections. This trend was
also true of the 15-pile group test loads. For previous tests on the same
pile group in clay, the degradation in resistance was somewhat greater,
between 70 and 80 percent.
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2.

For both first and tenth cycles, loads developed in clays were
approximately 60 to 70 percent of those developed in sand at the same
deflections.

7.2.2

Efficiency
1.

Pile group efficiency decreased with increased deflection up to a point.
Beyond this deflection point, efficiency remained essentially constant. In
clay, this deflection was about 38 mm (1.5 in) while in sand it was 25
mm (1 in).

2.

Average efficiency for the pile group in clay eventually stabilized at
about 0.75, but for the pile group in sands it was somewhat lower at 0.6.

7.2.3

Soil Stiffness Degradation
1.

In clay, 15-pile group stiffness leveled out at 84 percent of the first cycle
stiffness by the fifteenth cycle and the change in degradation with
increasing cycles had become relative minor. In sand, stiffness decreased
to 80 percent of the first cycle value after ten cycles, and it appears that it
will decrease further with additional cycles.

2.

For the single pile in sand, 40 percent of stiffness degradation occurred
between the first and second cycles. For the 15-pile group, 50 percent
occurred between cycles one and two. For clay, these numbers were 50
percent, and 60 percent, respectively.

3.

In sand, the single pile retained its stiffness slightly better than did the
15-pile group; single pile stiffness was generally about three percent
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higher than that of the 15-pile group. The opposite was true in clays: the
15-pile group stiffness was generally eight to twelve percent higher than
that of the single pile. Nevertheless the degradation trends were
relatively similar for both soils considering the wide difference in
strength and stiffness of the two soils.
7.2.4

Residual Deflection
1.

Residual deflections are more significant in sand than in clay. For sand,
residual deflections tend to be about 45 percent of peak deflections for
any given push. For clay, they are about 15 percent of peak deflections
for any given push. This pattern is a result of the cohesive nature of clay
which generally allows a gap to remain open whereas in cohesionless soil
the gap becomes partially filled with sand.

2.

The relationship between residual and peak deflections is nearly linear
with a slight upward concavity: large peak deflections will result in larger
residual deflections, relatively speaking.

7.2.5

Bending Moments
1.

In clay, depth to maximum bending moment increased with each target
deflection. This pattern was noted for the single pile test (although only
slightly), but could not be observed in the 15-pile group test.

2.

For leading rows in sand, maximum moments developed appeared higher
(by possibly as much as 80 percent) than those in clay at similar target
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deflections. For trailing rows, this difference appeared to fall to around
30 percent.
3.

Although trailing rows (specifically Rows 3 through 5) don’t appear to
develop larger maximum bending moments than do leading rows, results
suggest that moments for these rows spread out along the length of each
pile. Hence, these trailing rows develop larger moments for greater
depths than do leading rows.

4.

Tenth cycle bending moments normalized by loads appeared about 20
percent higher than those for last cycles. In clays this value was lower at
about 15 percent.

5.

Normalized bending moments seem to match those for the test in clay
despite non-normalized moments appearing to be larger in sand than in
clay.

7.2.6

Computer Modeling
1.

Computer simulations modeled actual conditions relatively well. Loaddeflection curves appeared most accurate of all computed data.

2.

There was relatively good agreement between computed and measured
moment data.

7.2.7

P-multipliers
1.

Back-calculated first cycle p-multipliers for sand were 1.0, 0.5, 0.35, 0.3,
and 0.4 for Rows 1 through 5, respectively. Those in clay (for
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deflections lower than 38 mm) were markedly higher at 1.0, 0.87, 0.64,
0.81, and 0.70 for Rows 1 through 5, respectively.
2.

Back-calculated tenth cycle p-multipliers for sand were slightly higher
than for first cycles at 1.0, 0.6, 0.4, 0.37, and 0.4 for Rows 1 through 5,
respectively. This effect is attributed to smaller failure wedges that
develop in softened soils.

3.

In clay, secondary p-multipliers were back-calculated for deflections
higher than 38 mm. Although insufficient data prevented secondary pmultipliers from being determined for sand, trends developed beginning
at around 38 mm (1.5 in) deflections suggest it is necessary.

7.2.8

Design Curves for p-multipliers
1.

Design curves proposed by Reese and Wang (1996) generally
recommend larger p-multipliers than those found experimentally. The
design curves by Reese and Wang (1996) best match measured results for
Row 1 while having the largest discrepancy for trailing rows.

2.

AASHTO (2000) design curves generally produce p-multipliers which
are too conservative. These design curves show their largest discrepancy
from measured values for leading rows, while tending to be more
accurate for trailing rows.

3.

The results from the field test indicate that different p-multiplier versus
spacing curves will likely be required for piles in clay and sand due to
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differences in the length and width of the failure wedges in these two
materials.
4.

Curves proposed by Rollins et al. (2005) appear accurate for Rows 1 and
2 while they seem high for subsequent rows.

5.

Leading rows (i.e. Rows 1 and 2) should have different p-multipliers.
Multipliers for Rows 3 and beyond may be considered equal.

7.3 RECOMMENDATIONS
For design of pile groups in sand spaced at 3.92 pile diameters, the following
recommendations apply:
1.

Group interactions must be considered in the design of pile groups
spaced at 3.92 pile diameters.

2.

Based on findings from this study combined with data from previous
research, design curves suggested by Rollins et al. (2005) appear
appropriate for Rows 1 and 2 while curves specified by AASHTO (2000)
appear appropriate for subsequent rows.

3.

When considering cyclic loading of a pile group, soil strength for cycles
ten or greater should be reduced to 75 to 80 percent of that for the first
cycle.

For design of pile groups in sand, p-multipliers of 1, 0.5, and 0.3 would be appropriate
for Rows 1, 2, and 3 and subsequent rows, respectively.
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